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Abstract 
Using anionic polymerisation techniques, a series of poly(methyl methacrylate) 
polymers bearing a variety of end-functions has been synthesised. The use of a delocalised 
and sterically hindered initiator, I,I-diphenylhexyllithium in conjunction with lithium 
chloride has allowed the production of polymers of well defined molecular weight and 
narrow molecular weight distributions (MwlMn "" 1.1). 
End-group functionality has been incorporated by the use of terminating agents 
bearing a functional group. Functionalities achieved by this method include nitrobenzoyl 
and nitrobenzyl. The degree of functionality has varied between 50 and 85 %. By the use 
of selective reduction, these end-groups have been converted to amine functions. 
Significant loss of functionality occurred during the reduction process and overall amine 
functionality varied between 20 and 50 %. 
The use of a functional initiator bearing a protected amme function, 1-(4-
benzophenone iminophenyl)-I-phenylethylene has allowed the incorporation of an imine 
end-function. Mild acid-catalysed hydrolysis has then given quantitative amine end-
functionalisation of PMMA. 
Charaterisation of functionalised PMMA polymers has been by IH and I3C NMR 
spectroscopy, GPC and MALDI-TOF-MS. The combined use of NMR spectroscopy and 
MALDI-TOF-MS has allowed the full characterisation of all end-groups present on low 
molecular weight samples. 
Grafting reactions of the amine functionalised PMMA have then been investigated. 
Grafting onto epoxidised natural rubber, a styrene-maleic anhydride copolymer and epoxy 
surface-functionalised emulsion particles have been attempted. GPC and modulated 
temperature DSC have been used to characterise these products. 
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Introduction 
Polymethyl methacrylate (PMMA) is an important commercial polymer largely due 
to its excellent optical properties'. Its importance was fust recognised in the 1930's. At 
that time, it was produced by a cast polymerisation process as sheets and used as an 
"organic glass". Later, demand increased for a moulding powder for use in compression 
and injection moulding that could match the clarity of the cast sheets. 
Production increased further as PMMA found use as a hardness modifier in acrylate 
blends and copolymers. It is now being produced largely by emulsion and solution 
polymerisation. PMMA finds its largest uses in coatings and in glazing materials. These 
applications take advantage of its excellent weather, chemical, heat and UV resistance, 
light transmittance, dimensional stability and formability. It also finds more specialist uses 
as low attenuation optical fibres, cast plastic eye glass lenses and hard and soft contact 
lenses. 
This project investigates the synthesis of end-functionalised PMMA with well 
controlled molecular weight characteristics. An end-functionalised polymer, such as is 
hoped to be produced in this project, offers the possibility of synthesising a range of graft 
copolymers by reaction with another polymer, bearing complementary functions. The 
functional group that is to be studied here is a primary amine group. This function has 
been chosen as it offers the possibility of its reaction with a wide range of complementary 
groups. 
A graft copolymer is defined as a polymer that has one or more polymeric blocks 
connected to the main chain as a side chain. These blocks have constitutional or 
configurational features that differ from the main chain2• The main chain and side chain(s) 
may be homopolymers or copolymers. 
A-A-A-A-A-A-X-A-A-A-A-A-A 
I 
B 
I 
B 
I 
B 
I 
B 
Figure 1.1: Schematic Representation of a Graft Copolymer 
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Strict control of the molecular weight characteristics of the functionalised PMMA 
is desired. This may allow the study of how molecular weight may effect the properties of 
graft copolymers when they are used as compatibilising agents in blends of PMMA with 
variety of polymers. The control of molecular weight will be attempted here by using 
anionic polymersation techniques. This method is ideal for the encorporation of single 
functional group at one end of a polymer3. 
Graft copolymers are particularly suitable for use as compatibilising agents4. A 
compatibilisor to be used in a blend of A and B phases would generally consist of a graft or 
block copolymer containing segments of A and B. The domains of immisible phases can 
be stabilised when segment A resides in phase A and segment B in phase B. This provides 
covalent links between phases thus improving adhesion and lowering interfacial energy. 
The compatibilising effect of a graft copolymer is related to the number of grafts and to the 
segmental molecular weights. The number of grafts improves adhesion across the interface 
and the molecular weight determines the segment penetration into each phase. 
The large majority of synthetic work carried out on this project has involved the 
anionic polymerisation of PMMA. Both functional termination and functional initiation 
have been investigated to impart the amine group to one end of the polymer. 
A 
A 
'A 
, 
X 
/ 
A , 
B 
\ B--B--B 
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Figure 1.2: Compatiblising Properties of a Graft Copolymer 
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The long-term synthetic goal of this project is to use amine end-functionalised 
PMMA of well controlled molecular weight and narrow polydispersity to graft on to the 
surface of acrylic rubber toughening core-shell particles. See Figure 1.3. This could 
establish the possibility of the future study on how graft length and graft density effect the 
compatibilisation of such toughening particles in a PMMA matrix. 
o Amine Functionalised PMMA .. 
Epoxy Functionalised Particle 
Figure 1.3: Surface Grafted Core-Shell Particle 
In order to graft the amine functionalised PMMA to the surface of a particle, that 
particle must contain a complimentary reactive functional group at it's surface. Therefore, 
the synthesis of acrylic epoxy surface-functionalised core-shell particles will be attempted 
and the possibilty grafting investigated. 
Attempts have also been made to synthesise several different graft copolymers 
using amine end-functional PMMA. These systems are a graft copolymer of PMMA and 
epoxidised natural rubber and grafting of PMMA onto a styrene-maleic anhydride. 
17 
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Literature Survey 
In this chapter, the fundamentals behind the research and techniques used will be 
presented and the recent literature will be reviewed. 
2.1 Living Anionic Polymerisations 
A living polymerisation6 can provide the polymer chemist with the most versatile 
synthetic tool for the preparation of macromolecules with well-defined structures and 
compositional homogeneity3.7. Control of a wide range of compositional and structural 
parameters including molecular weight, molecular weight distribution, copolymer 
composition, stereochemistry, branching and chain-end functionality can be achieved using 
anionic polymerisation techniques3,7,8. 
Ionic polymerisation, like the well known radical polymerisation, is a chain 
process. A living polymerisation is a chain polymerisation that proceeds in the absence of 
termination and chain transfer9. As in other chain reactions, three basic steps should be 
distinguished in any addition type polymerisation: 10 
Initiation leads to the smallest entity which may reproduce the growing end-group 
by addition of monomer. This is illustrated in Eqs. 2.1 and 2.2, where I is an initiator 
precursor, I* is the initiating species, M is a monomer molecule and the symbol * is used to 
represent the active centre, be it radical, cationic or anionic. 
I ~ I* 2.1 
I* + M ~ I-M" 2.2 
Propagation is the process where monomer molecules add consecutively to a 
growing centre, regenerating it and producing an ever lengthening polymeric chain. Eq 2.3 
illustrates this. Pi represents a polymer of degree of polymerisation i. 
2.3 
Finally, termination and transfer are the steps that deprive the growing polymer 
chain of the ability to spontaneously grow further. The ability to grow is lost irrevocably 
by termination and the reaction can only continue through the generation of a new growing 
centre by some initiation step. See Eq. 2.4, where P represents a dead or inactive polymer 
19 
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with respect to chain growth. 
p* ~ P 2.4 
Transfer reactions stop the growth of one polymer chain while simultaneously generating a 
new growing centre capable of continuing the chain reaction. See Eqs. 2.5 and 2.6, where 
A-X is a chain transfer agent and A * a new reactive intermediate capable of continuing the 
chain growth reaction at a rate comparable to the normal chain propagation rate. 
p* + A-X ~ P-X + A * 2.5 
A* + M ~ A-M* 2.6 
The absence of termination or transfer gIves a living polymerisation a umque 
quality, the retention of active centres and thus the ability of the polymer chains to grow 
further or undergo other reactions. 
The following criteria have been proposed and utilised as diagnostic characteristics 
for living polymerisationll . 
I. Polymerisation proceeds until all monomer is consumed. Further addition of 
monomer results in continued polymerisation. 
The complete consumption of monomer is not on outright diagnostic test of a living 
polymerisation. The ability to continue polymerisation on the subsequent addition of 
another monomer batch is, however, an important characteristic of living polymerisation9. 
For the polymer chains to grow upon subsequent addition of monomer, the active species 
must still be present. This is indicative of a system free of termination and transfer. 
If a system is free of termination and transfer, the addition of a second monomer 
batch, B, which is different to the first monomer, A, produces a block copolymer. No 
homopolymer A should be left in the product and no homopolymer B should be produced. 
2. The number average molecular weight, Mn, is a linear function of conversion. 
Mn = grams of monomer/moles of initiator 2.7 
Mn = grams of monomer consumed/moles of initiator 2.8 
3. The number of polymer molecules (and active centres) is a constant, independent of 
20 
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conversion. 
This criterion is particularly sensitive to chain transfer. Transfer, whilst keeping the 
number of active centres constant, will increase the number of polymer molecules. 
4. The molecular weight of the resulting polymer is controlled by the stoichiometry of 
the reaction. 
The number average molecular weight should be a simple function of the degree of 
conversion and the stoichiometry of the reactions as described in Eq. 2.8. This obviously 
depends on the quantitative use of the initiator before all the monomer is consumed. It is, 
therefore, sensitive to impurities which could change the effective number of moles of 
initiator and consequent number of active centres and polymer molecules. Transfer and 
termination reactions also effect the molecular weight. Transfer will cause a reduction in 
the overall molecular weight while termination will cause an increase due to fewer active 
centres consuming the monomer. Termination can also cause a reduction in molecular 
weight but this is accompanied by low conversion. 
5. Narrow molecular weight distribution polymers are produced. 
The essential requirements for formation of a polymer with a Poisson molecular 
weight distribution were clearly stated l2 as follows: 
I. The growth of each polymer molecule must proceed exclusively by 
consecutive addition of monomers to an active terminal group. 
11. All of these active termini must be equally susceptible to reaction with 
monomer and this condition must prevail throughout the polymerisation. 
111. All the active centres must be introduced into the system at the outset of 
polymerisation. 
IV. There must be no termination or chain transfer. 
v. Propagation should be irreversible. 
In general, it is possible to prepare a polymer with narrow molecular weight 
distribution if the rate of initiation is comparable to the rate of propagation. This ensures 
that all the chains grow for the same period of time. Table 2.1 shows the relationship 
between the rates of initiation and propagation and the dispersity of the resulting 
21 
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Table 2.1: Influence ofk/ki on Polydispersity 
R(kplkj) Polydispersity 
10-' 1.008 
0.5 1.01 
10 1.019 
102 1.242 
106 1.25 
source rei 13 
Another requirement for obtaining a narrow molecular weight distribution is that all 
the active centres must be equally reactive to monomer". Therefore, if more than one type 
of active centre is present and each type propagates at a different rate, these species must 
be in rapid equilibrium so that all chains may grow uniformly. 
6. Quantitative preparation of chain-end functionalised polymers. 
In principle, a living polymerisation could undergo controlled termination to result 
in a chain-end functionalised polymer. It is difficult to achieve functionalisation that 
proceed quantitatively to produce functionalised polymers'4. Analytical errors, especially 
with high molecular weight polymers, limit the practical application of functional 
termination as a measure of a living polymerisation. 
7. Linearity of a kinetic plot of rate of propagation as a function of time as shown in 
Eq. 2.9 
2.9 
The propagation kinetics of a living polymerisation should follow simple first order 
behaviour as seen in Eq. 2.10. Thus, if the concentration of the propagating species is 
constant, then integration ofEq. 2.10 will give Eq. 2.9. 
22 
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-d[M] 
Rp = ~ = kp[P*][M] = k,,,,[M] 2.10 
This is a diagnostic test for termination as it will delineate [P*J. However, the presence of 
chain transfer will not affect the kinetics, since the number of active species, [P*J is not 
affected. 
8. A kinetic plot of the left side of Eq. 2.11 versus time will give a linear result. 
2.11 
Eq. 2.11 allows the combined use ofEqs. 2.12 and 2.13, and thus, the dependence 
of DP n on time may be assessed. Eq. 2.12 is a diagnostic test for chain transfer and Eq. 
2.13 is a diagnostic test for termination. If the plot versus time is linear, then transfer and 
termination are absent. 
DP, = 
([M], - [M],) 
= 
([M]o - [M], 
[p *] [I], 2.12 
-d[M] 
kp[P *][M], kp[I],[M], = = dt 2.13 
2.1.1 Living Polymerisation as a Synthetic Tool 
In a living polymerisation, the molecular weight can be controlled by the 
stoichiometry of the reaction and the extent of polymerisation. Under ideal conditions, one 
polymer chain is formed for every monofunctional initiator molecule. From a practical 
point of view, it is possible to prepare polymers with predictable molecular weights 
ranging from'" I 03 g/mol to> I 06 g/mol using living polymerisation 15. 
When the rate of initiation is comparable to the rate of propagation, a narrow 
molecular weight distribution can be achieved as all the chains grow for the same length of 
time3. 
For a living polymerisation polydispersity and degree of polymerisation are related 
12 by Eq. 2.14 . 
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2.14 
The second approximation is valid for polymers of high molecular weight. From this it can 
be seen that the molecular weight distribution will narrow as molecular weight increases. 
It is easier, therefore, to produce higher molecular weight polymers with narrow molecular 
weight distributions. To produce narrow molecular weight distribution for polymers with a 
low degree of polymerisation, careful attention to experimental details is required. 
The polymer chains in a living polymerisation retain their active centres when all 
the monomer is consumed. Therefore, if additional monomer is added the chains grow and 
increase their molecular weight. If this next batch of monomer is different to the first than 
a block copolymer is produced9• Sequential addition of monomer in this way can generate 
diblocks, A-B, triblocks such as A-B-A or A-B-C and even more complex muItiblock 
structures9• Each block can be prepared with controlled molecular weight and narrow 
molecular weight distribution. 
Controlled termination reactions provide routes to chain-end functionalised 
polymers as shown in Eq. 2.15 and 2.16 for living anionic and cationic polymerisations. 
PLi + X-Y ~ P-X + LiY 2.15 
p+ + N"" ~ P-N 2.16 
N and X represent functional groups. These reactions, however, rarely proceed with 100% 
efficiency to give quantitatively ro-functionalised polymersl4. 
An alternative route to chain-end functionalisation is the use of a functional 
initiator. If a suitable functional group is incorporated into the initiating species, that 
functional group will then be present at the initiated end of every polymer molecule as 
shown in Eqs 2.17-2.19 provided no transfer processes occur. 
X-I* + M ~ X-I-M* 2.17 
X-I-M* + nM ~ X-I-[Mln-M* 2.18 
X-I-[Mln-M* _t::::,nru:::":::na!:::;o:..." -7) X-p 2.19 
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X-I* represents an initiator bearing a functional group X. 
2.1.2 General Considerations for Anionic Polymerisation 
The propagating species in an anionic polymerisation IS a carbanion which is 
extremely reactive to oxygen, carbon dioxide and moisture l6. Therefore, rigorous 
experimental procedures are needed to ensure the absence of side reactions that may lead to 
termination or transfer processes. Detailed methods are available in the literature l7,18 and 
generally involve the use of inert atmospheres or high vacuum techniques. 
There are two broad classifications of monomers that are amenable to anIOnIC 
polymerisation7: vinyl, diene, and carbonyl-type monomers having one or more double 
bonds; and cyclic (heterocyclic) monomers with containing a ring that can open by reaction 
with nucleophiles. Tables 2.2 and 2.3 illustrate the diversity of monomers that have been 
polymerised by anionic methods. 
By far the majority of research on vinyl monomer polymerisation has concentrated 
on styrene and diene monomers and their derivatives. Less work has been done on the 
monomer of relevance to this project, methyl methacrylate. 
Table 2.2: Anionically Polymerisable Heterocyclic Monomers 
Epoxides 
Cyclic sulphides 
Lactones and lactides 
Cyclic carbonates 
Lactams (by activated monomer polymerisation) 
Cyclosiloxanes (03 and 0 4) 
Cyclic phosphorus compounds 
Sourceref6 
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Table 2.3: Anionically Polymerisable Vinyl Monomers 
1. Ethylene 
2. Vinyl Silanes 
3. Vinyl-Substituted Aromatic Compounds 
A. Substituted styrenes 
x = -CH3, -C(CH3h, -OR, -NR2, -Cl, 
-Br, -CF3, -SiR3, -CH=CH2, -CN, 
-CONR2, -S03R, -P(NCH2CH3h -C°2C(CH3)3, 
-Sn(C6H s)3, -Ge(C4H9)3 R=Alkyl 
B. Substituted styrenes with protected functional groups 
-OSi(CH3)2C(CH3)3 
o 
-< )cH3 
N CH3 
-Si(OCH2CH3)3 
-Si(CH3)2H 
-CH=N-Q 
-SSi(CH3)3 
-Si(CH3)2N(C2Hs)2 
Literature Survey 
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Table 2.3: Anionically Polymerisable Vinyl Monomers (continued 
C. a-Alkylstyrenes 
R 
I 
"'C6, 
R = CH3, X = H, X = 2,4,6--(CH3)3' -OCH3, 
-Si(CH3)3, -C(CH3)=CH2, 
-Si(CH3MCH2)nSi(CH3)2CH2CH=CH2 
D. Vinylaromatics 
Vinylnaphthalenes, vinylbiphenyl, vinyl anthracene, 
vinylpyrene, vinylphenanthrene, isopropenylnaphthalene, 
I, I-diphenylethylene (undergoes copolymerisation only) 
E. VinyJpyridines 
R 
I 
"~6 
R=CH3 
4. Conjugated dienes 
CH3 JY C5~ ~~ ~ CH3 
Si(ORh 
~ 
Si(CH2CH3h ~ 
CH2Si(CH3h ~ 
0 CH2N[CH(CH3hh ~ ==C'=< 
27 
Literature Survey 
Table 2.3: Anionically Polymerisable Vinyl Monomers (continued) 
S. Alkyl Methacrylates and Acrylates 
6. Vinyl Phenyl Sulfoxide 
7. Acrylonitriles and Vinylidene Cyanide 
8. Vinyl Aldehydes and Vinyl Ketones 
H H ,CH3 
H2C=C' 
, 
H2C=C H2C=C 
'C-H 
, 
'C-CH C-C(CH3h 
11 11 11 3 
0 0 0 
9. Nitroethylenes 
,CH3 C6Hs>= ,H H2C=C, C, 
N~ H N~ 
10. Alkyl Cyanoacrylates 
11. Miscellaneous Monomers 
~s! 
R R 
Source ref6 
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2.1.3 Anionic Polymerisation of Alkyl Methacrylates 
For polar monomers such as the alkyl methacrylates, anionic polymerisation IS 
often complicated by the great extent of side reactions of the monomer with both anionic 
initiators and the growing anionic polymer chain end l9. These may lead to chain transfer 
or termination. For a truly living polymerisation to be affected, even more stringent 
control of conditions is required than for anionic polymerisation of non-polar monomers 
such as butadiene or styrene. Low reaction temperatures are required to minimise or 
eliminate transfer and termination. The selection of the correct initiator is vital. 
2.1.4 Anionic Initiation of Alky Methacrylates 
The first reported anionic polymerisation of methyl methacrylate was in 19562°. 
Polymerisation was initiated by the sodium naphthalenide radical anion and by a living 
polystyryl anion. The polymerisations went to 90 % conversion for both initiating 
systems. It was concluded that the anionic polymerisation of MMA was rapidly self-
terminating as no further polymerisation could be seen upon addition of styrene to a 
"living" poly(methyl methacrylate) anion or upon further addition of MMA. Initiation was 
proposed as an electron transfer to the monomer from the aromatic radical anion, similar to 
that proposed for the polymerisation of styrene9•20• This mechanism was later confirmed 
for sodium naphthalene21 . It was also seen21 , however, that other aromatic radical anions 
such as sodium phenanthrenyl or anthracenyl initiated the polymerisation of MMA by 
bond formation. See Scheme 2.1 21 . 
A living polymerisation of methyl methacrylate was first demonstrated when the 
monomer was rigorously purified and initiation was by sodium naphthalenide or 9-
fluoreny11ithium in tetrahydrofuran22. Further addition of MMA to a living poly(methyl 
methacrylate) anion gave conversions up to 95 %. Unfortunately, the molecular weight 
distributions of the polymers were not narrow. The polydispersities were all in excess of 
2.0. 
It was later shown that the living anion of poly(methyl methacrylate) could not 
initiate the anionic polymerisation of styrene23 . The poly(methyl methacrylate) anion was 
not considered basic enough to initiate the polymerisation of styrene. This was shown by 
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the reaction of fluorenyllithium with a mixture of MMA and styrene. Fluorenyllithium 
cannot initiate the anionic polymerisation of styrene23, but can initiate the polymerisation 
of MMA. The polymer products all showed no trace of styrene copolymerisation, even in 
mixtures containing ratios of styrene to MMA > 40: I . 
• + 
CH) _ 
C 
ON + / a 
\ 
OCH) 
-:;?' 
MMA 
:::::,..... • 
OCH) •• + Na 
+ 
H)C O-Na+ 
Scheme 2.1: Bond Formation Occurs with Some Aromatic Radical Anions 
Highly isotactic PMMA was achieved by polymerisation in toluene using n-
butyllithium, fluorenyllithium, fluorenylsodium and a range of organomagnesium 
compounds24,2s. However, conversions were poor, mostly around 50 %. Further 
investigation using fluorenyllithium in toluene as the initiating system allowed the 
termination of living poly(methyl methacrylate) anions by quenching with radioactive 14C 
labelled carbon dioxide and 3H labelled acetic acid26. This gave between 70 and 90 % 
labelled PMMA. The molecular weight distributions were rather broad and could not be 
explained by the proposed mechanism26. 
30 
Literature Survey 
nMMA 
.. 
Scheme 2.2: Initiation by Fluorenyllithium 
A detailed look at the molecular weight distribution27 of samples taken during 
polymerisation revealed that a bimodal distribution occurs during the early stages. The 
majority of the oligomers were of low molecular weight. The low molecular weight 
material was not due to an irreversible termination reaction, as they could be tritiated upon 
addition of tritiated acetic acid26. It was postulated that different steric configurations 
propagate at different rates. The majority of chains undergo a "pseudotermination" which 
is a function of the configurations of the final three repeat units. When a chain has a length 
of 8-10 repeat units, the rate of propagation increases dramatically, to givc a largely 
. . I 27 IsotactJc po ymer . 
Later work28 looked at the use of fluorenylsodium and 9-methylfluorenylsodium as 
initiators using THF as the solvent. See Figure 2.1. 
H 
Figure 2.1: Fluorenylsodium and 9-Methyljluorenylsodium Initiators 
The molecular weight distributions were broad for fluorenylsodium initiated polymers and 
characterised by significant low molecular weight tailing. A transfer reaction was 
postulated whereby the acidic 9-hydrogen protonates a living enolate anion of a growing 
chain. The carbanionic site is then transferred to the fluorenyl residue and thus produces a 
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bifunctionally growing chain28 . 
The transfer reaction is eliminated by the use of 9-metbylfluorenylsodium. Broad 
molecular weight distributions are still produced at low conversion due to a relatively slow 
initiation process, which narrow at higher conversion to give a polydispersity '" 1.3528. 
Fluorenyllithium, 9-methylfluorenyllithium and 9-ethylfluorenyllithium have been used 
recently to produce optically active oligomeric PMMA29.30 . The initiator is complexed 
with an asymmetric adduct such as (-)-sparteine or (+)-2,3-dimethoxy-l,4-
bis( dimethyl amino )-butane. 
Similar molecular weight distribution phenomena were seen for n-butyllitbium 
initiated PMMA as for fluorenyllithium initiated PMMA31 .27• That is, the formation of a 
slowly propagating low molecular weight fraction, which leads to a broad bimodal 
molecular weight distribution. 
Use of straight-forward alkyllithium initiators is an excellent example of the 
possibility of side reactions occurring during initiation, particularly at the ester carbonyl. 
Alkyllithium initiators are strong bases and as such the reaction at the ester is favoured. n-
Butyllithium in toluene at -78°C causes the production of high levels of lithium methoxide 
in the first few secondl2.33 . The vinyl ketone is very reactive and is incorporated onto the 
growing centre34. A relatively dormant chain-end results and propagation is temporarily 
halted. The chain end is then reactivated by addition of MMA and chain growth continues 
as before. This stop-start process causes broadening of the molecular weight distribution 
during the early stages ofpolymerisationl9. 
Scheme 2.3: Reaction at the Ester Carbonyl Competes with Michael Addition 
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Methyl methacrylate has been shown to react with nBuLi in a number of different 
ways in both polar and apolar solvents35,36. The most important side reaction III 
competition with addition at the vinyl group is the reaction at the ester carbonyl. 
The competition between these two reactions is controlled by the relative reactivity 
of the initiator to mono mer and its steric requirements. 
An initiator used widely for the anionic polymerisation of MMA is 1,1-
diphenylhexyllithium, DPHL. This can be formed readily by the quantitative reaction of n-
butyllithium with I, I-diphenylethylene. See Scheme 2.4. Lithium methoxide formation 
decreases to between 15 and 20 %37. This is in agreement with the pI<.,. of 1,1-
diphenylmethane (32 in DMSO) being a close match to that of the growing anionic chain38. 
The increased steric requirements of the diphenylalkyllithium initiator also reduce the rate 
of addition to the ester carbonyl group. Narrow molecular weight distributions have been 
achieved39,40,41 with MwlMn ranging from 1.1 to 1.2. 
nBuLi + CH2 .. Lff> 
Scheme 2.4: Production of l,l-diphenylhexyllithium 
Another widely used initiator is the a-methylstyryl anion. Its effectiveness is 
surprising on the basis that the pKa for toluene is 43. It may be assumed that the a-
methylstyryl anion is too reactive and consequently unselective towards Michael 
addition 42. However, oligomeric a-methylstyryllithium has been shown to function as an 
efficient initiator for MMA in THF at -78 °C43,44. 
The growing centre in the anionic polymerisation of MMA is an a-lithiated, /3-
substituted methyl ester of isobutyric acid45. In theory, lithiated ester-enolate compounds 
could make excellent initiators for the anionic polymerisation of methacrylic esters due to 
their structural similarity. They can be prepared by reaction of the parent carboxylic acid 
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with lithuim diisopropylamide, LDA, in hydrocarbon solvents45 . See Scheme 2.5. 
Scheme 2.5: Production of Methyla -lithioisobutyrate 
The rates of initiation and propagation should be similar as the reactions are closely 
related. However, the ester enolates are insoluble or form high aggregates in hydrocarbon 
media and in polar solvents such as THF the are still closely associated46 and auto-
condensation reactions occur at room temperature. Used alone, the polymerisation of 
MMA is poor, only 40 % conversion and broad molecular weight distributions result47. 
hydrolysis 
----i~~ ~ 
+ o 
Scheme 2.6: Reaction Products of Addition of MMA to a Lithiated Ester Enolate 
Addition of a two-fold excess of MMA to ethyl a-lithioisobutyrate produced the 
dimer, linear trimer and cyclic trimer. The cyclic trimer was the main product detected48. 
See Scheme 2.6. This is due to the disproportionation of the dimer to lithiated monomer 
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and trimer followed by autocondensation of the products 49. This cyclisation reaction is 
faster than monomer addition when the concentration of monomer is low49.When this 
reaction was repeated in the presence of lithium, sodium or potassium t-butoxide, the 
amount of cyclic trimers produced decreased markedly, particularly when using sodium t-
butoxide 48. It was thought at the time that the cyclisation reaction was an important 
termination mechanism for the anionic polymerisation of MMA26.27. The polymerisation 
of MMA was then performed using ethyl u-lithioisobutyrate as initiator in the presence of 
sodium t-butoxide. Conversion improved to 100 % and the molecular weight distribution 
narrowed to 1.647. 
Recent work has produced a series of metal-free initiators for the polymerisation of 
acrylates and methacrylates5o. The tetrabutylammonium salt of dimethyl malonate is 
reported to polymerise butyl acrylate with high conversion (> 95 %) and narrow molecular 
weight distribution (MwfMn = l.l6/0. The carbanion from 2-nitropropane is a useful 
initiator for methyl methacrylate (MwfMn = l.l7)50. Other ammonium based metal-free 
initiators have included the n-Bu4N+ salt of 9-methylfluorenyI51, giving low yield and 
efficiency and the (BU2N))C+ cation in the presence of silyl ethers again giving low 
. Id 52 Yle s . 
The tetraphenylphosphonium cation has been used as the counterion to the 
triphenylmethyl anion52. Conversion was greater than 95 % and the polydispersity was as 
low as 1.04. See Scheme 2.7. 
+ KCI 
Scheme 2.7: The Tetraphenylphosphonium Cation as Counter ion 
Another class of metal-free initiators use a P4-phosphazene base to react with ethyl 
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acetate to give an ester enolate with a soft, highly delocalised counterion53. PMMA has 
been prepared with this initiator at 60°C in THF with MwfMn = 1.11 53. See Scheme 2.8. 
I"N./' NX 
_N. ... ~"" 11 \ 
-N' N-P-N" ,N_ 
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Scheme 2.8: P4-Phosphazene Salt of an Ester Enolate initiator 
Alkoxide salts have been reported to initiate polymerisation ofMMA47. Efficiency 
seems to be dependent on the counterion. No polymer is produced with lithium or sodium 
t-butoxide, but a 6.5 % yield is produced using the potassium salt47. The potassium salt of 
the ro-alkoxide from poly(ethylene oxide) was reported to polymerise MMA with high 
efficiency (> 92 %) forming the corresponding block copolymer54• The molecular weight 
distributions of the resulting polymers from alkoxide initiation are broad, even when using 
very bulky alkoxides such as lanthanoid triisopropoxide55 . Here the polydispersity is in 
excess of 3 .0. 
Organomagnesium compounds have been investigated as initiators for the 
I .. f MMA2425 po ymensatlOn 0 ' . The resulting polymers have broad often multi-modal 
molecular weight distributions, due to the complex nature of the initiator56. A typical 
Grignard reagent exists as a variety of active species each with a different reactivity and 
stereospecificity, each of which may effect the polymerisation process. Organomagnesium 
reagents having magesium-nitrogen bonds have been used as initiators in toluene at -78 
°C57. Ethylpentamethyleniminomagnesium and bis(pentamethylenimino)magnesium (from 
the mono and di substitution of diethylmagnesium by piperidine) give high conversion and 
highly syndiotactic polymers, whilst ethyldivinyleniminomagnesium and 
bis( divinylenimino )-magnesium (from the mono and di substitution of diethylmagnesium 
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by pyrrole) give an isotactic polymer regardless of solvent and conversion58• 
Complexes of t-BuLi with trialkylaluminium compounds such as triethyl-, tributyl-
and trioctylaluminium are effective initiators for MMA in toluene at -78 °C59, giving 
conversions between 50 and 100 %60 and narrow molecular weight distributions, although 
reaction time was 24 hours. The molecular weight distribution can be made narrower 
(MwlMn = 1.12) by the use of a living oligomer of MMA (P n = 4) as the initiator rather 
than t-BuLi. Using ethyl a-lithioisobutyrate as the initiator with alkylaluminium 
compounds gives 70 to 90 % conversion and a polydispersity of 1.360. 
toluene 
(i-Bu)3AI + HO 
ooe 
toluene 
t-BuLi + (i- BU)2AlO 
o oe 
Scheme 2.9: Production of a Screened Anionic Polymerisation Initiator 
Other lithium/aluminium initiators have been developed for MMA polymerisation 
. I b' 61 h d' I . III to uene at am lent temperatures . T ese "screene anionic po ymerisatlOn" initiators 
work only in hydrocarbon media in which they are soluble. Standard anionic 
polymerisation solvents such as THF deactivate them. In hydrocarbon solvents the anion 
of the growing chain-end and the lithium/aluminium alkyl counterion are separated only 
minimally. The large cross-sectional area of the counterion thus "screens" the propagating 
terminus from side reactions61 . The lithium/aluminium alkyl counterion is, therefore, 
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designed to have as a big a cross-sectional area as possible. Scheme 2.9 shows a typical 
initiator from t-SuLi and (2,6-di-tert-butyl-4-methylphenoxy)diisobutylaluminium. 
The substituted aluminium porphyrin, alkyl aluminium (5,IO,15,20-tetraphenyl-
porphyin, (TPP)AIX, has been used as an effective initiator for the polymerisation of 
methyl methacrylate62. See Figure 2.2. 
x = Me, q SPr, SPh, 02CMe, OMe 
(TPP)AIX 
Figure 2.2: Substituted Aluminium Porphyrin Initiators 
The methyl substituted porphyrin (TPP)AIMe acts as an initiator only after 
irradiation with visible light63, but allows polymerisation to proceed in a living manner at 
temperatures as high as 35 °C64. Polymers and oligomers with polydispersities as low as 
1.09 have been producedM When the substituent group is a propanethiolate, (SPr), no 
irradiation is required and polymeric products are produced on addition of monomer. The 
rate of polymerisation, however, is rather slow, 100 % conversion in 18 hours65 . See 
Scheme 2.1 O. Using an aromatic thiolate complex such as X = SPh allows the acceleration 
of the polymerisation to give 80 % conversion in only two hours, MwlMn = 1.18, at 80°C. 
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Scheme 2.i 0: Polymerisation of MMA using (!,PP)AISPr as initiator 
The rate of polymerisation using thiolate substituted aluminium porphyrins can be 
dramatically accelerated by the addition of a sterically bulky Lewis acid65,66, such as seen 
in Figure 2.3. Polymerisation of a solution of MMA containing 1.5 mol % of 
methylaluminium bis(2,6-di-tert-butyl-4-methylphenolate), (DtBMPhOhAIMe, uSing 
(TPP)AlSPr as the initiator, gave lOO % conversion in only 90 seconds and a 
polydispersity of 1.13. Similar results were obtained using (TPP)AlSPh. 
CH3 
(CH3)3C I Q CH3)3 AI 
/"'-CH3 0 0 CH3 
(CH3)3C qCH3)3 
Figure 2.3: Lewis Acid Accelerator of the Porphyrin Initiated Polymerisation of MMA 
To investigate the stability of the active centres, a two-shot polymerisation was 
attempted. 50 Mole equivalents of MMA to initiator were polymerised and the reaction 
allowed to stand for one hour after complete reaction. 100 Mole equivalents of MMA was 
then added, polymerisation ensued to 100 % conversion giving a single product with a 
polydispersity of 1.1465. High molecular weight PMMA with narrow molecular weight 
distributions have been produced using this "Lewis acid-assisted, high speed anionic 
polymerisation technique". Here, (TPP)AIMe and (DtBMPhO)2AIMe were used as 
initiator and accelerator, respectively, giving polymers with molecular weights of 5.6 x 105 
and 106 with molecular weight distributions of 1.1 and 1.2, respectively67. 
The Lewis acid is thought to activate the monomer by coordination. The enolate-
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aluminium porphyrin growmg centre then reacts rapidly with the monomer and 
polymerisation ensues at an accelerated rate67. The nucleophilic substituted aluminium 
porphyrin is unable to attack the Lewis acid due to steric constraints. The use of less bulky 
Lewis acids such as trimethyaluminium or diethylaluminium chloride give no 
polymerisation at all or low conversion and a broad molecular weight distribution, 
respectivel/7. This is due to the addition of the alkylaluminium species to the porphyrin 
b I . ~ y a transmeta atlOn process . 
Alternative systems to aluminium porphyrin complexes have been sought. Most 
show a reduced activity to polymerisation even after addition of a Lewis acid accelerator 
such as (DtBMPhO)2AIMe. Two examples are shown in Figure 2.4, Schiff base and 
tetraazaannulene aluminium chloride complexes69. 
Figure 2.4: Schiff Base and Tetraazaannulene Aluminium Complex Ligands 
Organoboron compounds such as triphenylboron have also been shown to have an 
accelerating effect on the enolate-aluminium porphyrin polymerisation of MMA70. The 
accelerating effect, however, is not as marked as it is with organoaluminium Lewis acids. 
Using (TPP)AIMe as initiator and Ph)B as accelerator, 100 % conversion was reached in 
three hours. However, organboron compounds have the distinct advantage that they are 
reluctant to undergo transmetalation with the enolate-aluminium porphyrin species, and, 
hence, do not require such steric bulk as protection. The more acidic compounds such as 
BCI) and BF)·OEt2 are unsuccessful accelerators because of nucleophilic substitution at the 
boron-halogen and boron-oxygen bonds 70. 
Recently, a new type of aluminium porphyrin initiator having an in-built Lewis acid 
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moiety has been used as an initiator for the anionic polymerisation of MMA71. Figure 2.5 
shows an initiator of this class. The (Me2AIO)2 functionalised phenyl ring is not planar 
with respect to the porphyrin and so introduces the Lewis acid function to both sides, top 
and bottom, of the porphyrin complex. Here, there is no possibility of intramolecular 
transmetalation of the Lewis acid sites with the nucleophilic aluminium porphyrin71 . This 
initiator gives 100 % conversion in 30 minutes and a narrow molecular weight distribution. 
I 
Figure 2.5: Aluminium Porphyrin with In-Built Lewis Acid Sites 
2.1.5 Propagation of Methyl Methacrylate 
In general, the kinetics of methyl methacrylate polymerisation is complicated by the 
contact so I vent separated 
ion pair . . free ions aggregates IOn p31r 
({( rJ±»n ~ e~ Ji311 M<±> Re + M<±> - R, ~ - -• 
Scheme 2.11: Equilibrium Between Active Species 
presence of a number of different active species, each of which may participate in the 
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propagation of monomer7. See Scheme 2.11. Polar solvents tend to shift the equilibrium 
to the right, to lower degrees of association. In non-polar solvents, aggregates of varying 
degrees of association are observed. 
Kinetics in Polar Solvents 
From kinetic and conductance studies it has been shown that there are at least two 
species involved in the anionic propagation of MMA with alkali metal counterions in THF. 
Th t1 • d . . 72 73 Th fr .. 102 103 ese are ree IOns an Ion pairs .. e ee IOn propagatIOn rate constants are -
times larger than for the ion pairs74. The ion pair propagation rates, all studied in the 
presence of common ion salts such as lithium tetraphenylborate75, are, in turn, 
approximately 1000 times greater than the corresponding rates in toluene. 
Propagation rates are first order in monomer concentration and in chain-end 
concentration but independent of initiator concentration76. Later studies over a wider range 
of initiator concentrations showed that propagation rates did show a dependence on 
initiator77 . It was suggested that the dependence was due to ion pair association to form a 
dimeric species. See Scheme 2.12. 
dimer free ions 
• 
! ka [MMA] ! Iq: [MMA] 
Scheme 2.12: Association of Ion Pairs into Dimeric Species 
This dependence was confirmed using diphenylmethyllithium and diphenylmethyl-
potassium as an initiators at concentrations of up to 0.2 mollL. The observed rate constants 
were shown to be linearly dependent on the inverse of the square root of the concentration 
of active chain ends in agreement with Scheme 2.12 and Eq. 2.2376.78. 
-d[MMA] 
dt 
e. fi'J .FJ. £i'J 
= Iq:[P ,M- ] + ka[(P"- ,M- )z] 
2.20 
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[(P3,~)z] 
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dt 
-d[MMA] 
dt 
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2.22 
2.23 
The concentration of unassociated ion pairs at 25°C is only IQ % of the active 
chain ends, but they account for 74 % of the monomer consumption78 At - 65°C, kinetic 
studies indicate that there are approximately equal amounts of associated and unassociated 
species79. It was stated, however, that the kinetic contribution of the associated ion pairs 
was negligible. 
The general order of reactivity when considering counterion is Cs ~ K ~ Na » Li. 
This order is maintained over a wide temperature range in THF and 1,2-dimethoxyethane6. 
This indicates that the propagation must proceed through a contact ion pair rather than a 
solvent separated ion pair. The greater degree of dissociation of the solvent separated ion 
pair would give a faster reaction rate than a contact ion pair and would also favour the 
smaller cation (lithium). This is indeed the case for the polymerisation of styrene in 
THFIO, for MMA this is not the observed order (as stated above) and so it is consistent with 
, 
the conclusion that contact ion pairs are the predominant propagating species79. This may 
be explained by the delocalised styryl anion interacting less with the counterion and thus 
promoting dissociation to solvent separated ion pairs. The ester enolate anion has the 
negative charge almost exclusively located on the oxygen. This "harder" anion would 
interact more with the counterion, favouring the contact ion pairs8o. 
2.1.6 Effect of Coordinating Additives 
A useful method for the alteration of the anionic polymerisation kinetics, k~t, is to 
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modify the nature of the growing active centreBI . The use of sterically demanding 
counterions as part of the initiating system has already been mentioned. These are the 
tetraphenylphosphonium cation52, the P4 phosphazene cation53 and the aluminium 
h . . .. 62-71 porp ynn Initiator . 
An alternative method of introducing steric bulk and electronic modification of the 
growing centre is the use of coordinating ligandsBI . Crown ethers have been used as 
promoters of the living polymerisation of methyl methacrylateB2 See Figure 2.6. 
Generally, the crown ethers, even l2-crown-4 (12CE4) one of the most specific cr-
coordinating ligands for the lithium cation, are not powerful enought to upset the self 
aggregation or the charge distribution of THF solvated lithium ester enolatesBI . When 
using sodium as the counter ion, from initiation using Ph2CHNa
B2
, and dibenzo-18-crown-
6 (DB l8CE6) as the ligand, polymerisation is truly living at temperatures as high as 5°C. 
Polydispersities as low as 1.04. Here, it is a steric modification of the active centre rather 
than an electronic one. It should be remembered, however, that the use of sodium as a 
counterion reduces the syndiotactic nature of the polymerBI . 
l2CE4 DB18CE6 C222 
Figure 2.6: Cyclic Coordinating Ligands 
Macroheterobicyc1ic cryptand ligands such as C222, see Figure 2.6, have also been 
used as coordinating ligandsB3 . They are considered stronger cation-binding ligands and 
polymers have been produced with low polydispersitiesBI . 
Tertiary diamines also make good coordinating ligandsB4,85. N,N,N',N'-
tetramethylethyleneamine, TMEDA, has been shown to improve conversion in the DPHL 
initiated polymerisation of MMA at -40 and -23°C. Conversion increased from 68 % to 
lOO %. No significant effect on polydispersity was observedB4. Other tertiary diamines 
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have proved to have similar effects. These include 2,2' -dipyridyl, 1,4-diazabicyclo[2.2.2]-
d . 85 octane an sparteme . 
Teyssie and co-workers86 discovered that the controlled anionic polymerisation of 
acrylates and methacrylates could be improved by the addition of lithium chloride. Using 
u-methyl(styryl)lithium as initiator for the polymerisation of t-butyl acrylate the 
polydispersity of the molecular weight distribution decreased from 3.61 in the absence of 
LiCI to 1.2 in the presence of lithium chloride (R = [LiCI]/[P*Li] = 5). This effect was 
maximised for R = 10, giving a polydispersity of 1.05, an initiator efficiency of 95 % and 
100 % conversion 43. Analogous behaviour was seen for the polymerisation of methyl 
methacrylate, although the effects were not so striking87. In the absence of LiCI, the 
polydispersity was 1.2 and the initiator efficiency was 66 %, in the presence of LiCI (R = 
I) the polydispersity decreased to 1.09 and the initiator efficiency increased to 85 %. 
Again, the effects were maximised at R = 10, the polydispersity decreasing further to 1.02 
and the initiator efficiency increasing to over 90 %. Other lithium salts, such as Li(Ph)4, 
LiF and LiBr, did not show to have similar effects87• 
Further investigation into the effect of LiCI on the kinetics of propagation of MMA 
in THF using Lt as the counterion provided a possible explanation79• The reaction rate 
actually increases on initial introduction of LiCI (R < 1) and then gradually decreases to 
about 50 % of the initial value for R = 10. This effect may be explained by the presence of 
two or more new species, a 1: I adduct and a 2: I adduct of the active centres with LiCI. 
Kd 2 LiCI 2 LiCI 
(P±*h 
-
2 P±* ~ 2 (P ± *·LiCI) 
-
2 (P± *·2LiCI) 
• 
, 
• 
KCl KC2 
+M 1 ka +M 1 k± +Mlkcl +M 1 kc2 
associated non-associated 1:1 adduct 2:1 adduct 
ion pair IOn paIr 
Scheme 2.13: Association Equilibria for LiCl and Active Centres 
If we assume that ka « kt '" kol » kc2, the initial maximum may be explained by 
the formation of the 1: I adduct for R < I. This would lead to an overall increase in the 
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more reactive, less associated species. For R> I, the less active 2:1 adduct is starting to 
form and the propagation rate decreases. A similar effect was seen upon the addition of 
THF to the polymerisation of styrene in benzene88 . Here, the formation of the analogous 
mono- and dietherates were used to explain the effect on the reaction kinetics. 
The decrease in chain-end aggregation was confirmed by viscometric 
measurements in the presence of varying amounts of LiC179 . Further evidence was 
provided by NMR spectroscopy studies of tetrameric keto enolate aggregates 79. In the 
presence of LiCI (R = 0.25) one of the aggregated enolate molecules is replaced by the salt. 
The most striking effect of LiCI is on the molecular weight distribution of the 
resultant polymers. The polydispersity invariably falls to below 1.1 and is independent of 
conversion. This may be explained by the assumption that the equilibria between free ion 
pairs and ion pairs adducted to LiCI are much faster than the equilibria between associated 
and non-associated ion pairs. The former involves the interaction of a macromolecule with 
small molecules, the latter the interaction of two macromolecules. Therefore the main 
function of LiCl in the polymerisation process seems to be the depletion of the slowly 
interconverting associates. As stated earlier, both the associated and non-associated active 
chain-ends may react with monomer72•73 , although one (non-associated) is considerably 
faster than the other74 . A depletion in the concentration of associated species means the 
non-associated chain-ends are the sole loci of propagation, and, hence, a narrower 
molecular weight distribution results. 
LiCl has been shown to have no effect on the rate of termination79• Addition of 
alkoxide, lithium t-butoxide for example, has been shown to have a significant effect on the 
rate oftermination for the polymerisation ofMMA89. It also effects the rate of propagation 
but the effect on termination is ten times more pronounced. Stabilisation of the active 
centre was assumed to be the reason for the rate reduction. Infra-red spectra of model 
compounds show stronger coordination of the penultimate ester group with Li+ in the 
presence ofbutoxide89•9o. 
2.1. 7 Termination Reactions 
For acrylates and methacrylates, the polar side-group of both the monomer and the 
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polymer may undergo a variety of side reactions. Thus, complicating the anionic 
I .. f h 91 po ymensatIOn 0 t ese monomers . 
Three termination mechanisms have been proposed28,91 and are shown in Schemes 
2.14,2.15 and 2.16. 
+ 
Scheme 2.i4: Termination by Attack of Enolate Anion at the Ester Carbonyl on Monomer 
Scheme 2.i5: Termination by intermolecular Attack of Enolate Anion on Polymer 
The choice of initiator is all important, as has been stated previously, to reduce 
possibility of reaction at the ester carbonyl during initiation. This reaction is also possible 
during propagation. The growing chain-end ester enolate anion may also react with 
monomer at the ester carbonyl in competition with Michael-type addition. See Scheme 
2.14. 
The reaction of a living chain-end enolate anion with an ester group of another 
polymer chain would lead to a branched polymer of relatively high molecular weight. See 
47 
Literature Survey 
Scheme 2.15. This reaction was ruled out as a major terminatory route due to the lack of a 
high molecular weight tail in the size exclusion chromatographic curves28. This attack on 
in-chain ester groups has been shown to be very slow even when a attempted using a more 
. I I' 28 reactIve po ystyry amon . 
~~-CH2 CH3 CH61C02CH3 
+ o 
CH3 C02CH3 
Scheme 2.16: Termination by Intramolecular Cyciisation 
Using a labeling technique with tritiated acetic acid, kinetic studies of the 
termination reaction have shown a first order dependence on the active chain-end 
concentration28. This is consistent with the primary mode of tennination being a 
unimolecular back-biting reaction to form a six membered ring at the end of the polymer 
chain. See Scheme 2.16. 
The rate of unimolecular termination at low temperatures is not zero but it is very 
much smaller than the rate of propagation by a factor of approximately 104• However, the 
relative importance of termination does increase with temperature91 . Termination 
decreases with the polarity of solvent in the following order dimethoxyethane < 
tetrahydrofuran < tetrahydropyran91 . 
It has also been reported that the rate of termination shows to be dependant on the 
initial concentration of monomer91. This is in dissagreement with the sole form of 
termination being a unimolecular termination by a back-biting reaction. It was proposed 
that during the early stages of polymerisation, at high monomer concentrations, a side 
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reaction leads to the formation of a deactivating species, S91. See Scheme 2.17. 
I + M kx) [Xl k,) p* 
,J,k 
2 
S 
Scheme 2.17: Hypothetical Production of a Deactivating Species 
Where [Xl is an intermediate product and p* is a living oligomer. This deactivating 
species is then responsible for the termination of living oligomers. See Scheme 2.18. 
P*i + S _",k,~) Pi 
Scheme 2.18: Termination Due to the Deactivating Species 
By decreasing the concentration of S, it was shown that the polymerisation of MMA could 
be achieved with little or no observed termination91 . First a batch of monomer was 
polymerised and the monomer conversion and loss of active centres to termination were 
observed. When termination had ceased a further batch of monomer was added. This 
second batch was seen to polymerise without observable termination. This was explained 
by the loss of the deactivating species, and, hence, a termination pathway prior to the 
addition of the second batch. 
Another experiment was carried out91 . Here, the slow addition of monomer to the 
initiator solution produces a significant reduction in the levels of termination. If a batch of 
monomer is then added to a solution of living oligomers produced in this fashion, no 
termination is observed for the polymerisation of that second batch. Here, the initial 
concentration of monomer [Mlo should be near to zero and no deactivating species is 
formed. 
These two experiments seem to verify the the proposed mechanism but the kinetic 
investigations carried out could not draw any conclusions on the possible structure of the 
deactivating species. 
49 
Literature Survey 
2.1.8 End Functionalisation of Anionically Prepared Polymers 
Living anlODlC polymerisation provides ideal opportunity to synthesise 
functionalised polymers. Alkyllithium initiated polymerisation of styrene and diene 
monomers is particularly suitable due to the stability of the anionic polymer chain 
d 3,,6,10,14 en s . 
There are two main categories of functionalisation reaction. These are defined by 
the stage at which the functional group is incorporated in to the polymer; either at the 
beginning of the polymerisation process using a functional initiator92, or at the end of the 
polymerisation process by the use of a post-polymerisation reaction with an electrophilic 
. b . th . d fun' I 36 10 14 species eanng e reqUire ctlOna group " , . 
End Functionalisation using Electrophilic Reagents 
This method is the traditional approach. The complexity arises in the need to 
optimise the reaction procedures for each different functional group. This may involve 
variables such as chain-end structure, solvent, temperature, concentration, stoichiometry, 
mode of addition of reagents and addition of polar additives3, The general reaction is 
depicted in Eq 2.15. 
PLi + X-Y ~ P-X + LiY 2.15 
Examples of functional groups added in this way are carboxylic acid93 , hydroxyl94, 
amine95, aldehyde96 and sulphonyl97. 
Functionalised Initiators 
There are several advantages of usmg functional initiators92. For a living 
polymerisation, each functional initiator molecule will therefore generate one end-
functionaliscd macromolecule regardless of molecular weight, giving a 100 % functional 
polymer. There is also no need to be concerned about the efficient and rapid mixing of 
reagents with a viscous polymer solution or the stability of the chain-end. The general 
reaction is shown in Eqs 2.17-2.19 
X-I* + M ~ X-I-M* 2.17 
X-I-M* + nM ~ X-I-[Mln-M* 2.18 
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X-I-[M]n-M * termination ) X-P 2.19 
Functionalisation Using l,l-Diphenylethylene Derivatives 
I,I-Oiphenylethylene, OPE, has been shown to be a versatile tool for the 
fun · I" f . . I1 d I 9899 ctlOna IsatlOn 0 amomca y prepare po ymers . . It reacts quantitatively with 
alkyUithium reagents to produce the corresponding I: I adduct98. Only monoaddition has 
been seen to occur when OPE is added to poly(styryl)lithium99. Both these I: I reactions 
indicate that DPE could be used to introduce a single functional group at either the a or Cl 
end, or both, of a polymer as no oligomerisation would be expected. The introduction of 
functionality using OPE is achieved by substituting the required functionality onto one of 
the aromatic ringsI00.101.102. 
The majority of work using DPE has been done on poly(styryl)lithium glvmg 
polymers with functional end-groups by termination with functional OPE. See Scheme 
2 19 F . I" . I d h 1103 . 104 d' 105 . d fl . . unctlOna Itles mc u e p eno ,tertiary an primary amme an uorescent 
labels such as naphthalenelO6 and pyrene107 . 
p y 
ROH Y 
PLi + CH'=t< • PCH2-CLi • PCH2-CH '-'::: 
~ 
X 
X X 
Scheme 2.19: End-Functionalisation using 1.1-Diphenylethylene 
Unlike most electrophilic functionalisation reactions, the reaction with OPE is not a 
termination reaction. The product is in itself a carbanionic species which can in turn 
initiate further polymerisation to extend the chain, giving an in-chain function or form a 
new block if a different monomer such as isoprene l08 or methyl methacrylate42 is used. 
See Scheme 2.20. This procedure can be described as a living functionalisation reaction6. 
It may be used to prepare polymers with functional groups at the initiating end (a), see 
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Scheme 2.21, or within the chain, see Scheme 2.20, as well as to the tenninating end (Ol). 
OPE 9 nM2 9 ROH 9 
Pili • PICH2-CLi • PICH2-C-P2Li • PICH2-C-P2H 
~ ~ 
.& .& 
X X X 
Scheme 2.20: In-Chain Functionalisation and Diblock Initiation using DPE 
9 nM 9 ROH 9 RCH2-CLi • RCH2-C-PLi • RCH2-C-PH 
~ ~ 
..& ..& 
X X X 
Scheme 2.21: Functional Initiation using 1,I-Diphenylethylene 
2.2 Rubber Toughening of Brittle Polymers 
As the materials synthesised in this research programme are designed to serve in 
toughening systems, it is necessary to outline, briefly, the background to the rubber 
toughening of brittle polymers. 
2.2.1 General Considerations 
Early fracture tests on polymeric materials showed that the total fracture surface 
energy did not take account of the total energy imparted to the system. Significant energy 
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is lost through processes such as plastic deformation in the vicinity of the crack tip. In 
general, two mechanisms are responsible for this plastic deformation in rigid polymers, 
these are crazing and shear yieldingl 09. I 10. 
Crazing may take place in many brittle thermoplastics in a process whereby small 
crack-like entities form in the direction perpendicular to the tensile axis and closer 
examination shows them to be cracks bridged by small fibrils. Crazing is initiated by chain 
scission, which leads to cavitation at the leading edge of the crazing zone. The matrix 
ligaments thus formed are stretched, and yield to form the aforementioned craze fibrils Ill. 
Shear yielding occurs in tougher thermoplastics and also in rigid cross-linked 
thermosetting polymers. It is characterised by a region of sheared polymer oriented 
approximately 45° to the tensile or compression axis. The onset of yielding (i.e. the yield 
point) occurs when some skeletal bonds start to rotate from cis to trans conformation under 
the applied stress. Some chain segments thus become locally aligned Ill. 
Both crazing and shear yielding involve the absorption of energy and most methods 
of toughening polymers involve modifying the polymer such that more crazing and shear 
yielding takes place. One of the best methods is "rubber-toughening" where a relatively 
small amount of an elastomer is incorporated as a discrete second phase. 
Rubber toughening affects brittle polymers differently, promoting and/or altering 
the fracture mechanism depending on the intrinsic brittleness of the particular polymer 
matrix. For example, polystyrene, PS, poly(styrene-acrylonitrile) (SAN25, containing 25 
wt% of acrylonitrile) and PMMA are all classed as brittle polymers. Among the three, PS 
is the most intrinsically brittle, SAN25 is intermediate and PMMA is the least brittle. As 
neat polymers, all three fracture mainly by crazing. Dispersed rubber particles toughen the 
matrix mainly by promoting crazing in PS, by inducing an extensive combined crazing and 
yielding mechanism in SAN25, but rather by changing the main fracture mechanism from 
crazing to shear yielding in PMMAII2. The rubber particles may initiate the formation of 
shear bands by debonding or cavitating at stresses just below that for the failure of the 
matrix material. 
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2.2.2 Rubber Toughening of PM MA 
(i) Particle Size 
Particle size plays an important role in determining the fracture mechanism. There 
. . . I· h· h hn· . 112 113 A IS an optimum partlC e size at w IC toug ess IS at a mrunmum .. t a constant 
amount of rubber and interfacial adhesion, the plot of toughness versus particle size gives a 
bell-shaped curve. Large particles are more effective at initiating crazing, whereas small 
particles initiate yielding 112. For instance, in PMMAlrubber blends with 20% rubber, the 
notched Izod impact toughness is nearly the same as that of neat PMMA without rubber, 
i.e. -16 J/m when the rubber particle diameter is smaller than -O.lllm or larger than 
-0.511m. The toughness increases to -48 J/m at -0.2Ilm; reaches a maximum of -80 J/m at 
0.2511m, then decreases to -53 J/m at 0.3211m and -37 J/m at 0.411m 112 
(ii) Rubber Concentration 
By notched Izod fracture tests, the impact strength of modified PMMA has been 
shown to increase with increasing rubber concentration at least up to 40 wt %"4. A 
marked increase in toughness is seen at 20 wt % This has been explained by a change in 
the mode of crack propagation. Both unmodified PMMA and PMMA blends containing 
10 wt % rubber modifier, fracture through the formation and rupture of crazes. Blends 
with 20 wt % rubber modifier craze only in the later stages of fracture, when the crack 
speed has exceeded some critical value (the speed of crack propagation increases with 
crack length). No crazing is evident in samples with 30 and 40 wt % modifier loadings, 
although extensive plastic deformation is observed 114. By studying volume changes 
during tensile creep measurements, samples with 27 and 36 wt % modifier loading have 
been shown to undergo shear yielding as the dominant mechanism of energy dissipation 115. 
The increase in impact strength may be attributed to the increase in number of stress 
concentration sites and the related decrease in interparticle distance. 
An alternative way to view the rubber concentration in modified brittle polymers is 
not to consider solely the amount of rubber in the matrix, but the matrix itself. The critical 
particle size is related to rubber volume fraction by a single parameter. This is the critical 
surface-to-surface interparticle distance ll6. Each rubber particle has a stress volume, this 
may be envisaged as a concentric volume beyond the particle with radius (Rparticle + 6.R). 
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The blends become markedly tougher at the point where the average interparticle distance 
first becomes small enough that these stress volumes may overlap to form an infinite 
interconnected network Ill. 
(iii) Particle Composition and Morphology 
As stated in the Introduction, one of PMMAs main attributes is its excellent 
transparency. This must then be taken into consideration when thinking about the 
composition and morphology of the rubber toughening particles to be synthesised. 
Transparency can be achieved in glassy polymers, either by matching the refractive index 
of the rubber to that of the matrix, or by reducing the particle diameter below the 
wavelength of lightll7. The optimum particle size of -250 /lm for rubber toughening of 
PMMA 112 means that the rubber must be refractive index matched. 
Early rubber toughening particles had a simple two phase structure, rubbery core 
and glassy shell ll7. The chosen rubbery material ll3 was a copolymer of butyl acrylate, 78 
%, and styrene, 22 %, the glassy shell was PMMA. These particles were lightly 
crosslinked so that their morphology and size were retained during blending and 
subsequent moulding. The introduction of more layers has been shown to improve 
h . . furth 118 119 Thr "I . I I'k I . toug enmg properties er'. ee or lOur ayer partlC es are more I e y to cavitate 
than two layer particles as they have higher intrinsic stress concentration factors. The 
hydrostatic tensile stress in the rubber phase can be 0.1 to 0.3 times the applied stress 119 
compared to 0.02 to 0.03 times for a two-layer system 120. 
2.3 Emulsion Polymerisation 
The functional terminated PMMA being synthesised in this programme is to be 
reacted with functionalised latex particles, which will then serve as a toughening agent for 
PMMA. It is appropriate, here, to outline the basics of emulsion polymerisation. 
2.3.1 Reaction Processes 
E I · I .. 121 122 mu slOn po ymensatlOn' IS a heterogeneous reaction process where 
monomer(s) are dispersed in a continuous phase with the aid of an emulsifier system 
(surfactant) and polymerised with free-radical initiators, The product, called a latex, is a 
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colloidal dispersion of the polymer. Monomers polymerised by emulsion processes 
include styrene, butadiene, acrylics, chloroprene, vinyl chloride, vinyl acetate, acrylonitrile, 
acrylamide and many others. 
The free-radical chain polymerisation process is common to many bulk, solution, 
and suspension polymerisation systems, but the degree of physical sub-division of the 
reaction mixture in the colloidal size range has a major influence on the course of reaction 
and the properties/characteristics of the product. 
Ingredients for a typical emulsion polymerisation system include the continuous 
phase (normally water); monomer, monomer mixture, or monomer solution; emulsifiers 
and stabilisers; initiator system; and less important ingredients such as chain transfer 
agents and buffers. A seed latex, swelling agent and solvent may also be used. 
Surfactant molecules consist of a hydrophilic head and a hydrophobic tail, much 
like a soap or detergent. They fall into three major categories; cationic, anionic and non-
ionic. When present at concentrations above the critical micelle concentration (cmc), many 
of the surfactant molecules form spherical aggregates of about 50 molecules, these micelles 
are typically 5-10 nm in diameter. A hydrophobic domain is created within the micelle as 
all the hydrophobic tails point inwards and the hydrophilic heads point outwards. This 
hydrophobic domain allows water-insoluble monomer to dissolve and many of the micelles 
contain solubilised monomer. Most of the monomer is, however, present as much larger 
emulsifier stabilised droplets of about 1 J.lm diameter. Typical latex particle sizes are 100-
400 nm. Polymerisation clearly does not take place within these monomer droplets. It 
must, therefore, occur within the micelles. This is achieved by the use of a water-soluble 
initiator system. Radicals are formed in the continuous phase and are able to initiate the 
scarce monomer present to form oligomeric radicals. These short radical chains grow very 
slowly due to the low concentration of monomer in the aqueous phase. They are more oil-
soluble than the original radicals and now may be absorbed into a micelle. The formation 
of these radical oligomers is considered to be the first stage in particle nucleation. By 
diffusion they meet monomer droplets and monomer containing micelles. As the total 
surface area of the micelles is much greater, they out number the larger droplets by a 1000 
to 1, nearly all radicals will enter the micelles. 
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Once inside the micelle, polymerisation of the solubilised monomer occurs at a 
very fast rate. Unlike other polymerisation systems, the fast rate of propagation does not 
effect the molecular mass of the final polymer, as within each micelle there is generally 
only one active radical present at anyone time, and therefore, no termination process with 
high enough rate to compete. 
The termination reaction is identical to that in bulk, solution and suspensIOn 
polymerisation. However, the size of the latex particle plays an important role. 
Propagation continues until a second radical enters from the aqueous phase, and the 
growing radical and the newly entered one soon meet and react. Now, the particle is 
dormant and remains so until another radical enters and initiates the growth of another 
polymer chain. Latex particles, therefore, show equal periods of chain growth and 
dormancy. 
Particle nucleation is completed early in the course of reaction, with conversions of 
2-10% being typical. This can be explained by the new surface area formed by the 
growing monomer-swollen polymer particles providing a new hydrophobic surface for 
emulsifier adsorption from the aqueous phase. This means that the number of latex 
particles increases at the cost of the number of micelles and attains a steady state when the 
surface area of the previously formed growing particles plus that of the monomer droplets 
is adequate for the adsorption of all the emulsifier. The adsorption of all the emulsifier on 
to the surface of the polymer particles and the remaining monomer droplets marks the end 
of particle nucleation. For a narrow size distribution, as required by this project, the 
particle nucleation period should be as short as possible. 
At this point, about 90% of monomer is present in the large monomer droplets and 
most of the emulsifier is adsorped onto the surface of the polymer particles. Reaction 
proceeds by polymerisation within the particles. Monomer is supplied by diffusion from 
the shrinking monomer droplets. After about 70%, conversion the monomer supply from 
the droplets is depleted and the surface area of all the growing particles goes beyond that 
which can be saturated by the emulsifier used in the initial charge. Now the monomer 
concentration within the latex particles decreases as does the rate of polymerisation until 
all monomer is consumed. This final stage sees more branching and crosslinking occurring 
as there is a higher concentration of polymer at the reaction loci. 
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2.3.2 Core-Shell Emulsion Particles 
The first published work on core-shell particles was in the 1970s, describing the 
coating of polystyrene particles with polyvinyltoluene and polydivinylbenzenel23,124. 
WiIliams et a1125,126, created the 'core-shell model' of polystyrene latex particles. The 
model suggests that the particle consists of a polymer rich core with a monomer rich 
surface. This surface layer is the main locus of reaction during the period of particle 
growth. Particle morphology has been shown to be dependent on the method of 
polymerisationl27 and that it may also change with age128. 
The monomers used in the preparation of composite polymer latexes have included 
almost all of the monomers which undergo free-radical polymerisation l29. The properties 
of composite polymer latex are dependent on their morphology, and, hence, the 
investigation into particle morphology and factors controlling it have led to many papers 
being published, notably those by Sundberg et al. 130, Dimonie et al. 131, Okubo et al. 128.132 
and Cheng et al. I33. 
In principle, different techniques can be applied in order to produce a core-shell 
structured particles 134,135. 
(i) Non-seeded, batch emulsion copolymerisation of comonomers with different 
rate constants of copolymerisation. The comonomers are emulsified in water, the reaction 
started and continued to maximum conversion. 
(ii) Continuous or semi-continuous variation of comonomer feed composition. 
Here, the chemical composition of the particle may be varied continuously or in a stepwise 
fashion. The core composition and that of the periphery may be quite different. However, 
the composition changes gradually across the particle radius. No sharp boundary between 
core and shell is seen. 
(iii) Seeded, discontinuous, multi-stage emulsion polymerisation. A monomer or 
comonomer mixture is polymerised in the presence of a seed dispersion. This technique 
can produce particles with a wide variety of structures, ranging from completely 
homogeneous to core-shell particles with well defined boundaries and shell thicknesses in 
the nm scale. 
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In a two-stage seeded polymerisation, the mode of addition of the second monomer 
(11) 'nfl th f th I 128 136 137 138 I I 'I'b . 11' d 1 uences e structure 0 e atex . , , . n genera, eqU11 num swe mg an 
semi-batch addition of mono mer II produce particles with a more homogeneous or 
continuously changing radial polymer composition. Monomer II addition under monomer 
starved conditions (the feed rate is lower than the rate of polymerisation) results in particles 
consisting of separate polymers or a radial polymer distribution with a steeper or stepwise 
change in composition. 
2.3.3 Surface Functionalised Particles 
Because of the heterogeneous nature of the emulsion polymerisation process, 
various strategies can be applied for the modification of the particle surface 
fun · I' 139 ctlOna Ity . 
(i) Variation of the nature of the initiator (anionic, cationic or nonionic). 
(ii) Chemical modification of the surface end-group by a specific post-
polymerisation reaction. 
(iii) Copolymerisation of a basic monomer (or comonomer mixture) with a small 
proportion of monomer bearing a functional group. 
(iv) Polymerisation of a functional monomer exhibiting surface active properties. 
Most of the functionalised latexes currently prepared use comonomeric feeds of 
b . . 140 monomers eanng a reactIve group . 
The functional group of interest to this project is the epoxy group. Several papers 
have been published dealing with the synthesis of epoxy functionalised particles. A seeded 
polymerisation using a 50:50 comonomeric feed of MMA and glycidyl methacrylate, 
GMA, with potassium persulphate as initiator at 60 QC I41 was used to give a functionalised 
shell. However, the epoxy functionality was reduced by side reactions and hydrolysis 
causing ring opening of the oxirane. Only an estimated 60 % of the epoxide rings 
remained throughout the shell. 
Another investigation l42 compared the seeded shell synthesis of MMA and GMA 
(20 %) using a conventional radical initiator (ammonium persulphate) at 60 to 85 QC with a 
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redox initiating system (ammonium persulphate with sodium metabisulphite) at 25°C. 
The redox system produced latexes that showed poor colloidal stability, owing to the high 
intrinsic ionic environment of the system. The effective fraction of the superficial epoxy 
groups was determined using a titration technique l43. Both systems showed a reduced 
functionality. The high temperature, thermally induced radical initiated shell showed only 
4 % of the epoxy groups remained but the redox induced radical system had 7.5 % 
remaining. 
A more recent studyl44 again used a redox initiating system, but this time looked at 
the batch polymerisation of butyl methacrylate and GMA. This system used sodium 
persulphate with sodium hydrogen sulphite complexed to equimolar amounts of iron 
sulphate and ethylenediamine tetraacetic acid tetrasodium salt hydrate (EDT A). A buffer 
sodium hydrogen carbonate was also used. Epoxy functionality with this system is 
claimed to be up to 100 %. 
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In this chapter, the experimental work carried out will be outlined in broad terms 
only. Precise conditions of individual experiments are presented in Appendix A. Detailed 
discussion of the results will be presented in later chapters. 
3.1 Anionic Polymerisation 
3.1.1 Characterisation Techniques 
All the polymers produced by anionic methods were analysed by proton nuclear 
magnetic resonance spectroscopy, IH NMR, and gel permeation chromatography, GPC. 
Several functionally terminated samples were also investigated by matrix assisted laser 
desorption ionisation time-of-flight mass specrometry, MALDl-MS. 
(i) IHNMR 
IH NMR can give information on the polymeric structure, the number average 
molecular weight and the degree of functionalityl45. 
IH NMR spectroscopy of polymeric products was carried out at ICI Wilton using 
an in-house technique. The spectra are run at an elevated temperature, 60°C, using 
tetrachloroethane, TCE, as a solvent. TCE was used because its non-deuterated form gives 
a signal at -6 ppm that does not overlap with usual aromatic signals (-7.2 ppm). This is 
important as the functional end-groups chosen all have aromatic protons in order to be 
easily distinguishable from the aliphatic polymer main-chain protons. 
(a) Tacticity 
Tacticity is a term used to describe the configurational isomerism of the repeat units 
in the polymer backbone. There are three types of tacticity; isotactic, where adjacent 
monomer units have the same configuration, syndiotactic, where they have an alternating 
configuration, and atactic where there is no long-range order. Figure 3.1 illustrates these 
structures for a triad of repeat units. The terms m (meso) and r (racemic) refer to the 
configuration of a repeat unit relative to its neighbourl46. 
Each type of triad gives rise to a characteristic a-methyl peak in the NMR spectrum 
of PMMA. Isotactic PMMA gives an a-methyl signal at Ii 1.14, syndiotactic at Ii O.SI and 
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atactic at 8 0.97'45. The tacticity of a PMMA polymer can be determined by the relative 
intensities of these peaks. Anionically produced polymers generally'S' have - 75-85 % 
syndiotactic and - 5-10% isotactic structure. The remainder being atactic. 
isotactic, mm -+---tl-----+--I tl-----+--I tl--
atactic, mr 
syndiotactic, IT ---1--1-t -1-1 ~l--l-'-t+--
Figure 3.1: Configurational Sequences of Monomer Triads 
(b) Molecular Weight 
Each polymer molecule consists of one initiating group, attached to one end of the 
polymer, a number of repeat units (each containing one methyl ester group) and a 
terminating group. The number average molecular weight, Mn, can be obtained from the 
relative intensities of peaks due to the initiating group and the peak due to the methyl ester 
on the repeat unit of the polymer. From these relative intensities, the average ratio of 
initiating groups to repeat units can be calculated. As all polymer chains can contain only 
one initiating group, the number of repeat units per chain, and, hence, Mn can be readily 
obtained. 
3.1 
Mi+t is the combined mass of the initiating and terminating groups, M, is the mass 
of the repeat unit, N, is the number of repeat units and Ni is the number of initiating groups. 
Substituting the peak intensity values from the 'H NMR spectrum into Eq. 3.1 gives 
(Un, ) Mn = M,+, + M, I;/n, 3.2 
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Where Ir and Ij are the relative peak intensities due to the repeat unit and initiator group, 
respectively, and nr and nj are the number of protons in the repeat unit and initiator group, 
respectively. 
(c) Degree of Functionality 
The calculation of degree of functionality is similar to that of Mn. It is calculated 
using the relative intensities of the peaks due to the initiating group to peaks due to the 
terminating group. As above, because there is only one initiating group per polymer chain, 
the degree of functionality can be readily obtained. 
Functionality 3.3 
Where It and fit are the relative peak intensity and number of protons in the terminating 
group respectively 
(ii) GPe 
ope was used to characterise the molecular weight distribution. Of particular 
interest here, is the broadness, Mw/Mn, of the distribution. OPC also gives information on 
values for Mn, Mw and Mp, although these are only relative to calibration standards when 
using a refractive index detector. 
All samples were sent to the EPSRC Characterisation Service at RAPRA for OPC 
analysis. Samples were analysed, again, using an in-house technique. 
Chromatographic Conditions 
Columns 
Solvent 
Flow rate 
Temperature: 
Detector 
Sample Preparation 
2 x PL gel mixed bed D, 5 microns, 30 cm 
THF, with antioxidant 
1.0 cnU Imin (nominal) 
Ambient 
Refractive index 
A single solution of each sample was prepared by adding 10 cm3 of solvent (THF) 
to 20 mg of sample. The solution was left for several hours to dissolve completely. 1,2-
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dichlorobenzene was used as an internal marker for flow-rate correlation purposes. 
Immediately prior to loading the column injector, the solution was filtered through a 0.2 
micron polyamide filter. Each sample was run in duplicate. 
(iii) MALDI-MS 
MALDI_MSI47 is a low energy ionisation technique that allows the study of low 
molecular weight polymers or 0ligomers l48. Because of the low energy input, polymeric 
samples are not fragmented. The technique uses a sample consisting of a low ionisation-
energy matrix, in this case dithranol (I ,8-dihydroxy-9[1 OHJ-anthracenone), the polymer a 
silver salt (silver tri-fluoroacetate) and a sodium salt (sodium iodide)149. The matrix 
closely associates with the polymer. When this matrix material is ionised the 
unfragmented polymer molecules associated with it, also pass into the gas phase. This 
means that the ions detected are representive of a complete polymer molecule, associated 
with a sodium counterion. A molecular weight distribution of the polymer can then be 
obtained. The molecular weight distribution is further resolved into a series narrow peaks, 
separated by the mass of the repeat unit. Each of these narrow peaks represents the exact 
mass of a fraction of polymer molecules within the sample. 
If the sample polymer contains molecules with a range of different end-groups of 
differing mass, more than one series of narrow peaks will be evidentl5o. Each of these 
series of peaks will, again, be separated by the mass of the repeat unit. 
The peaks are assigned by calculating the total mass of the terminating end-group, 
the initiating end-group and a sodium ion then adding this onto the mass of the repeat unit 
multiplied by the degree of polymerisation. See Eq. 3.4. 
M j + M, + MNa + nM, + 1= Total Mass 3.4 
Where M;, M" M, are the masses of the initiating group, terminating group and repeat unit 
respectively. I represents a correction factor that takes into account the abundance of 
isotopes of the various atoms and n is the degree of polymerisation. I is governed here, 
largely by the presence of I3C atoms and means an adjustment of approximately one mass 
unit for every 100 carbon atoms. 
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3.1.2 Development of an Experimental Technique for Anionic Polymerisation 
The experimental criteria for a successful living anionic polymerisation are very 
severe. By far, the majority of the experimental work on this project was involved with the 
synthesis of chain-end functionalised PMMA with a controlled molecular weight and well-
defined molecular weight distribution. At the core of this exercise was the development of 
a reliable experimental process to allow the control of anionic polymerisation of MMA. 
Whether using functional initiation or termination the basic criteria are the same. 
Over a time period, and after a number of intermediate stages, a system was 
developed which allowed the reliable production of PMMA with the characteristic 
properties imparted by a living polymerisation process. 
The first experiments developed the basic polymerisation technique using a simple 
alkyllithium initiating system. 
(i) Apparatus. 
Dry Nitrogen 
,-----, ,---, ,...-----, 
i !! Vacuum r 
Vacuum <=~ 
Pump 
Two-Way Tap Connection to Reaction 
Vessel via 'Thick-walled 
RubberTubing . 
Figure 3.2: Nitrogen/Vacuum Manifold 
-+ 
All apparatus was connected to a multi-tap nitrogen-vacuum manifold by thick-
walled neoprene rubber tubing, See Figure 3.2. Transfers were carried out using syringe 
and septum techniques. 
The reaction vessel was a 250 cm3 three-necked round-bottomed flask equipped 
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with a nitrogen/vacuum inlet, magnetic stirring, a septum and a lOO cm3 pressure 
equilibrating dropping funnel, also equipped with a septum. See Figure 3.3. All glassware 
was dried in an oven at 100 QC prior to use. 
1 
Pressure equilibrating 
dropping funnel with 
septum inlet (I OOml) 
Three-necked ----+-.1 
round-bottomed 
flask (250ml) 
.---NitrogenIV acuum Inlet 
.--Seotum Inlet 
Figure 3.3: Reaction Vessel/or Early Polymerisations 
Upon connection to the manifold, the glassware was subjected to a 
vacuum/nitrogen cycle (repeated three times) to ensure that no oxygen was present in any 
of the apparatus. It was then left at a positive pressure of nitrogen. The glassware was 
then allowed to cool to room temperature before being charged with any reactant or 
solvent. Monomer and solvents were transferred from septum-equipped Schlenk tubes to 
the reaction vessel by syringe. 50 cm3 and 150 cm3 Schlenk tubes were used for the 
monomer and solvent respectively. Each syringe, once cooled from the oven, was filled 
with nitrogen and then emptied to the atmosphere. This process was repeated several times 
to ensure that the syringe contains only dry nitrogen prior to being filled with monomer or 
solvent. 
(i) Chemicals 
Tetrahydrofuran, THF, (99+%, BDH) was purified by refluxing over, and 
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distillation from sodium (50% dispersion in paraffin oil, Aldrich) and benzophenone (99%, 
Aldrich), a deep purple colour indicating that the solvent was moisture- and oxygen-free. 
Methylmethacrylate, MMA, (ICI Acrylics) was dried by passing it through a column of 4A 
molecular sieve under nitrogen. Tertiary butyllithium, t-BuLi (I. 7M solution in pentane, 
Aldrich) was used as supplied. 
(iii) General Experimental Method 
The molecular weight of the polymerisation product was controlled by the 
stoichiometry of the reaction, the ratio of initiator to monomer, as seen in scheme 3.1. 
tBuLi + n MMA ~ tBu[MMAln- Li + 
Scheme 3.1: Stoichiometry oftBuLi Initiated Polymerisation 
A: The Use oftBuLi as an Initiator 
The assembled glassware was dry and oxygen-free as detailed above. Into the 
reaction vessel was charged 40 cm3 of THF and, whilst stirring, the required amount of 
tBuLi. Both transfers are carried out by syringe. A transparent, yellow coloured solution 
resulted. A thermocouple was fitted, through the rubber septum, to monitor the 
temperature of the solution. The reaction vessel was then placed into a dewar and cooled 
to -78 QC using a dry-ice/acetone bath. 20 cm3 (0.187 mol) of MMA was transferred to the 
dropping funnel via a syringe. When the solvent and initiator had reached the required 
temperature, mono mer was added dropwise at such a rate that the temperature did not 
increase more than 5 QC. The yellow colour disappeared immediately upon contact with 
monomer. When addition was complete the reaction was left to stir for one hour to ensure 
complete reaction. The polymerisation was terminated by adding 5 cm3 of methanol to the 
reaction solution. The polymer was precipitated into acidified methanol (5% HCI) and 
dried in a vacuum oven at 50 QC overnight. 
The most apparent problem with this system was that polymer tended to precipitate 
out of solution prior to the complete addition of monomer. This led to a sharp rise in 
temperature that was difficult to control. For the next series of polymerisations, the 
amount of solvent was initially increased to 100 cm3 and then up to 300 cm3. When 300 
cm
3 
of solvent was used, no polymer was seen to precipitate from solution. 
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A: (i) Functional Terminations 
Experiments RJS-02 to RJS-OS also attempted to functionalise the polymer by 
terminating the polymerisation using p-chloroaniline (RJS-02 to RJS-04) or 4-
nitrobenzoylchloride (RJS-OS). A ten-fold excess of terminating agent was used. It was 
pre-dissolved in dry THF and added to the reaction solution dropwise to keep the 
temperature at _78°C. 
B: The Use of l,l-Diphenylhexyllithium as Initiator 
The polymerisation conditions were the same as for the previous reactions, except 
that nBuLi and I, I-diphenylethylene, DPE, (97 %, Aldrich) were used instead of tBuLi as 
the initiator. 
Into 300 cm3 of dry THF was added one drop of l,l-diphenylethylene. nBuLi was 
then added dropwise to the stirred solution. A red colour is produced, indicating the 
presence of 1, I-diphenylhexyllithium, DPHL. This colour quickly faded as impurities in 
the THF react and destroy the anion. nBuLi was added until this red colour just remains. 
The required, equimolar, amounts of nBuLi and DPE are then added to the solution. The 
dark red solution of DPHL was left to stir for one hour and then the reaction vessel was 
cooled to -78°C prior to addition of monomer. On addition of monomer, the colour 
disappeared very quickly to give a completely clear solution, as would be expected from a 
propagating methyl methacrylate anion. The polymer product was isolated and dried as 
before. 
C: Purification of Reactants and use of Lithium Chloride 
A successful living polymerisation system had not been established by this time. 
More rigorous purification of apparatus and reactants was attempted to see if 
improvements could be made. 
Lithium chloride 43,87 (99.99%, Aldrich, previously dried at 130°C overnight), was 
added to the reaction vessel prior to connection to the manifold. 
All glassware was now dried overnight at 130 °c and upon connection to the 
manifold was subjected to the vacuum/nitrogen cycle as before, except that while under 
vacuum, the glassware was flame dried with a bunsen burner. Nitrogen was passed 
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through two columns of anhydrous calcium chloride (99% BDH) and a final column of 
molecular sieve. All columns were previously dried overnight at 130°C. 
HPLC grade THF was used as solvent (99.8 %, Aldrich) and dried as previously 
stated. DPE was purified by vacuum distillation from 0.05 mole equivalents of nBuLi 
immediately prior to use. MMA 99 % was supplied by Aldrich. It was dried by reflux 
over calcium hydride for 48 hours then distilled at reduced pressure to remove inhibitor. It 
was further purified by passing it through activated basic a1umina, to remove any acid 
moieties present from its synthesis, and then through a column of 4A molecular sieve. The 
monomer was stored in ambered glassware over molecular sieve. 
Immediately prior to use, the monomer was further purified by careful degassing. 
A series of nitrogen/vacuum cycles ensured that no oxygen was present, and 
triethylaluminium, TEAl, (I.4M solution in hexanes, Aldrich, used as supplied) was added 
dropwise under nitrogen by syringe, with vigorous stirring. TEAl was added until a yellow 
solution was obtained The colour is due to a complex between MMA and TEAl that is 
formed only when all impurities have been removed J5J • The monomer was then distilled 
under vacuum into a dry-ice-cooled schlenk tube. It was then ready for use. See Figure 
3.4. 
With these new purification methodologies, the molecular weight of the polymers 
produced were in reasonable agreement with predicted values. No high molecular weight 
material (> 100 000) was produced, and, therefore, no polymer was seen to precipitate out 
of solution during the reaction. The volume of solvent was reduced to 100 cm3. 
The molecular weights of the polymers made as above were, if anything, slightly 
lower than was predicted from the reaction stoichiometry. This was attributed to the use of 
TEAl in a solution of hexanes. During vacuum distillation of the purified monomer a 
significant amount of hexanes is also distilled across. The amount of monomer added to 
the reaction vessel was, therefore, less than would be expected because it was actually a 
mixture of monomer and hexanes. This was also seen by the fact that the yields were 
consistently low, all around 50 %. The problem was overcome by the use of TEAl in 
toluene (3.0M solution, Aldrich, used as supplied). Polymerisations carried out using 
monomer purified with TEAl solution in toluene all showed excellent control of molecular 
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Figure 3.4: Apparatus for the Purification and Vacuum Distillation of MMA 
3.1.3 Functionalisation of PM MA by Functional Termination 
Having established an experimental procedure for the synthesis of living anionic 
PMMA the next stage was to attempt to end-functionalise PMMA by functional 
termination. Previous, early efforts at end-functionalisation had proved unsuccessful due 
primarily to the absence of a truly living polymerisation process at that time. The 
terminating agent that was used was, 4-nitrobenzoylchloride (98%, Aldrich). The 
terminating agent was, for the initial experiments, sublimed at 50 QC under vacuum and 
dried overnight at 130 QC. 
The polymerisation process was as before, DPHL used as initiator, LiCI as a co-
ordinating ligand, and monomer purified by distillation from TEAl. After addition of 
monomer was complete, the solution was allowed to stir for one hour to ensure complete 
reaction. 4-nitrobenzoylchloride was dissolved in the minimum quantity of dry, THF 
under nitrogen in a flame-dried Schlenk tube and transferred to the dropping funnel by 
syringe. It was added dropwise to the stirred polymer solution so that no temperature rise 
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was seen. The reaction solution was then left to stir slowly wanning up overnight. 
Polymer isolation and drying was as before. 
This technique gave polymers with functionalities of up to - 80 %. It was also seen 
that if the terminating agent was used only after drying at 130 °c overnight, i.e. without 
sublimation, no effect on the degree of functionality was apparent. The only problem that 
arose was if the polymer solution was particularly viscous prior to addition of the 
terminating agent. When this occurred poor mixing resulted, giving lower functionalities. 
This was overcome by using mechanical stirring instead of a magnetic follower. 
1 
Pressure equilibrating 
dropping funnel with 
septum inlet (1 OOml) 
Plastic Screw Cap and 
Rubber ",0.11 __ 
Round Bottomed Flask 
(250 m1)-----
Septum Inlet for initiator 
.j'''''~ 
Vacuum/air tight 
+---. gl stirrer ans 
1 
Nitrogen Inlet 
Mechanical 
Figure 3.5: Apparatus For Anionic Polymerisation Using Mechanical Stirring 
To use mechanical stirring with a vacuum, a good seal around the shaft of the stirrer 
was required. This was achieved using an oil-filled stirrer glands with a screw cap adapter 
and silicon rubber seal. See Figure 3.5. 
The use of mechanical stirring allowed functional termination reactions to be 
carried out with consistently high degrees of functionality, all around 80 %. 
4-nitrobenzylbromide (99 %, Aldrich, previously dried overnight at 130 0c) was 
also used as a terminating agent and produced polymers with high functionality. 
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3.1.4 Selective Reduction of ro-nitrofunctional PMMA to ro-aminofunctional PMMA 
A series of anionically polymerised ro-nitrofunctional PMMAs had now been 
produced over a range of molecular weights (2000 to 50 000) with narrow molecular 
weight distributions (MwlMn S; 1.1). Two types of end group have been produced, the 
majority were 4-nitrobenzoyl terminated, the others 4-nitrobenzyl terminated. The next 
stage was to reduce selectively the nitro functionality to amine. Selective reduction had to 
be performed due to the nature of the polymer. The reducing agent should not effect the 
ester carbonyls of the PMMA main chainl52. 
Initial studies used a 4-nitrobenzoyl-terminated PMMA. This particular sample 
(RJSI-38) had functionality of only 67 %. A catalytic transfer hydrogenation technique 
was employed using palladium on charcoal, Pd/C, (10 % Pd on activated charcoal, Aldrich) 
as the catalyst and cyclohexene (99+ %, Aldrich) as hydrogen donorI53. The polymer 
sample was dissolved in N,N-dimethylformamide, DMF, (HPLC grade 99.8 %, Aldrich) 
with 10 w/o Pd/C and a large excess of cyc1ohexene. The reaction solution was refluxed at 
150-155 °c for several hours. The solution was filtered to remove the catalyst, reduced at 
the rotavapor and the polymer isolated by precipitation into methanol. 
This method did indeed reduce the nitro group to amine, but it also completely 
removed substantial amounts of functionality. Typically, 67 % nitro functionality would be 
'reduced' to - 30 % amine functionality. 
Studies of the thermal stability of the w-nitrofunctional PMMA polymers (simple 
reflux in solvent, THF, at 67°C) showed that the nitrobenzoyl-functionalised polymers 
were thermally unstable, losing up to 30 % functionality after 14 hours reflux. Nitrobenzyl 
functional polymers proved to be more stable losing only 10 % after 65 hours reflux. A 
selective reduction route at low temperature was sought. 
A model nitroarene compound, 4-nitrobenzophenone, was used for the study of low 
temperature reductions. Using Pd/C as the catalyst, a variety of hydrogen donors were 
investigated l54. These included sodium dithionite, Na2S204, phosphinic acid, H3P02, and 
phosphorus acid, H3P03, all of which gave complete and clean conversion to 
aminobenzophenone. 
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When these reduction methodologies were attempted using nitrobenzoyl and 
nitrobenzyl terminated PMMA, an overall loss of functionality occurred. 
3.1.5 Functionalisation of PMMA by Functional Initiation 
Functional initiation of a living anionic polymerisation will give a polymer sample 
with lOO % functionality. Having seen that the maximum functionality attainable by our 
termination route was - 85 % for nitro functionality, and considerably less for amino 
functionality, it offers an obvious improvement and was our preferred method. 
Our established anionic polymerisation technique used I,I-diphenylethylene, DPE, 
as part of the initiating species, following the recent work of Quirk lOs using derivatives of 
DPE to end-functionalise polystyrene, it was decided that a functionalised DPE would be 
synthesised and used as an initiator. 
(i) Synthesis of Functional Initiators 
(a) Synthesis of Nitro-functionalised DPE 
1-( 4-nitrophenyl)-1-phenylethylene, N02DPE, was synthesised by a Wittig method 
(see scheme 3.2) from 4-nitrobenzophenone (99 %, Aldrich) and 
methyltriphenylphosphon-iumiodide (from triphenylphosphine (99 %, Aldrich) and 
iodomethane (99 %, Aldrich» using methyllithium (lAM solution in diethyl ether, 
Aldrich) as a base. The yield was quite low, - 10 %, but enough was isolated to attempt a 
polymerisation. 
Polymerisation conditions were as before. A few drops NOz-DPE were added to 
lOO cm3 THF whilst stirring. nBuLi was then added dropwise. On addition of nBuLi a 
strong yellowlbrown colour was produced in solution. This was assumed to indicate the 
presence of the N02-DPE anion. When the strong colour remained in solution, the 
required equimolar amounts ofNOz-DPE and nBuLi were added. The solution was left to 
stir for one hour and cooled to -78 DC. Monomer was added dropwise, but the colour of the 
solution did not fade as would be expected. On complete addition of monomer, and after 
several hours of stirring at -78 DC, no colour change was evident. The reaction was 
insulated and left to stir at -78 DC overnight. The next day no colour change was seen. 
Volatiles were removed at the rotavapor, but no polymer product was seen to have been 
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Scheme 3.2: Wittig Synthesis of Functionalised DPE 
(b) Synthesis of Amino-functionalised DPE 
Wittig Route 
Experimental 
Using 4-aminobenzophenone (99 %, Aldrich), methyltriphenylphosphonium-iodide 
and methyllithium as a base, as for the previous synthesis of 4-nitrobenzophenone, proved 
unsuccessful with only starting material being recovered. 
Grignard Route 
An alternative synthetic route to functionalised DPE is via a Grignard synthesis. 
See scheme 3.3. 
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Initial reactions used methylmagnesiumiodide (from iodomethane and magnesium 
(turnings previously dried at lOO 0c) in diethyl ether (99+ %, Aldrich, previously dried 
over sodium and benzophenone» as the Grignard reagent with substituted benzophenones 
as the ketones. These reactions proved to be unsuccessful. 
R-Mg-X + 
'R RI! 
'C/ 
I' 11 
R j 
• 
Dehydration 
~ 
OMgX 
I 
'R-C-R" 
I 
R 
1 NH4CI/H2 
OH 
I 
'R-C-R" 
I 
R 
X= Halogen 
R, R', R" = Alkyl or Ar 
Scheme 3.3: General Reaction Scheme/or a Grignard Synthesis 
Using substituted acetophenones with phenylmagnesiumbromide (3.0M solution in 
ether, Aldrich), the tertiary carbinol was produced. Methods for the dehydration to 
functionalised DPE were investigated. These were, acid dehydration (concentrated H2S04, 
acetic acid or orthophosphoric acid), dehydration using phosphoryl chloride, POCI), and 
via mesylation, using mesyl chloride, CH)S02CI, all without success. 
Willig Route 2 
The synthesis was attempted agam, this time usmg methyltriphenyl-
phosphoniumbromide (99 %, Aldrich) with methyllithium as base and benzophenone as 
the ketone. This method proved to be successful and 1-( 4-aminophenyl)-I-phenylethylene 
was produced in good yields. 
(ii) Protection of Amino Functionalised DPE 
Having synthesised the amino functionaIised DPE, to use it as an initiator for 
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anionic polymerisation, the amine group must be protected. Silylation was attempted 
initially to give the 1-[4-[N,N-bis(trimethylsilyl)amino]phenyl-l-phenylethylene105, but the 
silylated product could not be isolated. 
An alternative aprotic protection group is an imine. The reaction is a simple acid 
catalysed azeotropic reflux of the amine with a suitable ketone to form the corresponding 
Schiff basel55. See scheme 3.4. Having aryl groups attached directly to the imine aids 
stability. Benzophenone is the ketone that was used l56. Benzophenone not only lends 
stability to the imine, it was also important in this particular case to hinder sterically the 
imine against attack by nBuLi. 
toluene 
CH2 + 0 • CH2 Q 7" 
NH2 SO,H N ::::,.... 
7" 
::::,.... 
Scheme 3.4: Imine Protection of Amine Functional DPE 
1-[ 4-(Benzophenone imino )phenyl]-I-phenylethylene, BIPPE, was synthesised 
from 1-( 4-aminophenyl)-I-phenylethylene and benzophenone. Purification was by column 
chromatography using toluene as eluent and recrystallisation from petroleum ether. The 
highly coloured, yellow crystals were stored under nitrogen because they were seen to 
discolour on prolonged exposure to the atmosphere. 
BIPPE potentially offers a functional initiator that may easily be hydrolysed to give 
a polymer with primary amine functionality. 
Another aprotic protection group that what investigated was the corresponding 
phthalimide. It was synthesised by azeotropic reflux of the amine with phthalic anhydride. 
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Again, purification was by column chromatography and recrystallisation. 1-[4-
(Phthalimido )phenyl]-I-phenylethylene, PIPPE, was stored under nitrogen. PIPPE was not 
used as an initiator as it is too stable and difficult to deprotectl57. 
(iii) Anionic Polymerisations Using A Functional Initiator 
BIPPE was used to initiate anionic polymerisation using the same technique as for 
the functionally-terminated polymerisations, substituting BIPPE for OPE in the procedure 
and terminating with methanol. 
Oeprotection of the resulting polymers was by mild acid hydrolysis using tosic acid 
in refluxing THF. The amine-ended PMMA samples were stored under nitrogen. 
3.2 Emulsion Polymerisation 
Emulsion polymerisation was used to synthesise the core-shell particles to be used 
as a rubber-toughening modifier in conjunction with the PMMA arms. In order to attain 
the correct morphology, a semi-continuous starve feed technique was used. Soapless 
emulsions were investigated, but the majority of the work used seeded emulsion 
polymerisation techniques. Two emulsifier systems were used: sodium dodecylbenzene 
sulphonate (SOBS) and Aerosol OT-75 (OT-75). Two basic morphologies were targetted; 
a two-layer particle comprising of a soft core and hard shell, and a three-layer particle 
comprising of a hard core, soft layer and hard shell. 
(i) Apparatus 
A 750 cm3 straight-sided five-necked reaction vessel with detachable lid was used. 
It was equipped with a mechanical stirrer (10-600 rpm), a reflux condenser, thermocouple, 
nitrogen inlet and a monomerlsurfactantlinitiator feed inlet. The reaction vessel was 
immersed in a water bath equipped with a thermostatic temperature control. See Figure 
3.6. 
(ii) Chemicals 
All polymerisations were carried out using de-ionised water, conductivity < 4 IlS 
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(from an ELBA "Option 4" water purifier). Methyl methacrylate, MMA, (99 %, Aldrich), 
glycidyl methacrylate, GMA, (99% Aldrich) and n-butylacrylate, nBA, (99 %, Aldrich) 
were purified prior to use by passing through a column of inhibitor remover (nBA and 
GMA) or by vacuum distillation (MMA). Allyl methacrylate, ALMA, (99 %, Aldrich) and 
tetraethyleneglycol dimethacrylate, TEGOMA, (99%, Fluka) were both purified by passing 
down a column of inhibitor remover. Oivinylbenzene, OVB, (95 %, mixture of isomers, 
Aldrich) was purified by washing with a 10 % solution of sodium hydroxide, de-ionised 
water and then drying over magnesium sulphate. Sodium dodecylbenzenesulphonate, 
SOBS, (99%, Aldrich), Aerosol OT-75 (Cytec Industries), ammonium persulphate, APS, 
(99 %, Aldrich), potassium persulphate, KPS, (99 %, Aldrich), sodium metabisulphite, 
5MBS, (99 %, BOH), sodium thiosulphate, STS, (99 %, BOH), sodium hydroxide (99 % 
BOH), sodium carbonate (99 %, Aldrich), iron(II) sulphate (99 %, Aldrich), carbon 
tetrabromide (99 %, Aldrich) and EOTA, dihydrogen-disodium salt (99 %, Aldrich) were 
all used as supplied. 
Stirrer ___ -I 
Nitrogen Inlet ______ .., 
Thermocouple-----;;::l--:.I ~ 4J----...'[ ]'---'+"1 
Reaction Vessel 
750ml 
....-_____ Monomer Feed 
,--_____ Initiator and 
Surfactant 
L Feeds Five-necked 
flanged lid with 
Tellon seal 
Figure 3.6: Reaction Vessel/or Emulsion Polymerisation 
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3.2.1 Characterisation 
(i) Particle Size 
Particle sizing was carried out by photon correlation spectroscopy, PCS, using a 
Malvern Instruments ZetaMaster PCS: vl.26. 
(ii) Morphology 
The morphology of the particles produced by emulsion polymerisation techniques 
were investigated by minimum film forming temperature (MFT) giving information on the 
particle shell composition and by DSC1S8. 
(Hi) Epoxy Content 
The epoxy content of the particle shell was characterised using a titration method 
derived from the literature l43 • Initially, a known weight of polymer sample was dispersed 
in THF and left to swell for 4 hours. An excess of standard HCI (O.0982N, Aldrich), 
relative to the theoretical amount of epoxy units, was added and the solution was left to stir 
overnight. The solution was titrated with standard NaOH (0.057N, Aldrich) using 
bromophenol blue (solution in methanol) as indicator. This method, however, gave 
inconsistent results due to acid catalysed hydrolysis of the epoxy groups. An improved 
method was required. 
The new method was a non-aqueous and oxygen-free versIOn of the same 
titration l43 . The known mass of polymer was dispersed in 1,4-dioxane (HPLC grade, 99.9 
%, Aldrich, previously dried by distillation from sodium and benzophenone) under 
nitrogen. 0.2N HCI in 1,4-dioxane (diluted from 4.0N HCI in 1,4-dioxane, Aldrich) was 
added and the solution was left to stir overnight. The solution was titrated using a 0.098N 
methanolic KOH solution (made up in-house and standardised by titration against a 
standard HCI solution) again under nitrogen. 
3.2.2 Soapless Emulsion Polymerisations 
The first attempts at emulsion polymerisation were carried out without surfactant, at 
20 % solids. Initial reactions concentrated on the synthesis of particles of controlled 
particle size and narrow particle size distribution. 
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The reaction vessel was charged with 400 cm3 of de-ionised water and heated to 80 
QC whilst stirring at 400 rpm under nitrogen. When 80 QC was reached, buffer, NaHC03, 
and initiator, APS, were added and left to stir for approximately ten minutes. There then 
followed a batch addition of 20 % of the nBA monomer (containing 10 % crosslinker, 
DVB) and the reaction was left stirring at 80 QC. After 30 minutes, the remaining 
monomer and initiator (dissolved in minimum de-ionised water) were added slowly using 
two peristaltic pump feeds (lOg of monomer per hour) stirring was kept constant at 400 
rpm. On complete addition the water bath temperature was increased to 90 QC for one hour 
to ensure all the initiator was removed. Samples were taken every hour to monitor particle 
size and conversion. The effect of initiator concentration on the particle size and 
distribution were studied. 
3.2.3 Seeded Emulsion Polymerisations 
An excellent method for the preparation of particles with well-controlled particle 
size and monodispersity is to synthesise a seed particle and then grow a particle of the 
desired morphology from it. 
(i) Two-Layer Particles 
(a) Seed Synthesis 
Initial seed syntheses used SDBS as an emulsifier and APS or PPS as initiator. The 
monomer was nBA with 0.5 wt% crosslinker, TEGDMA, and I wt% graftlinking agent, 
ALMA. 
Seed syntheses were carried out at 70 or 80 QC. Initiator and emulsifier were added 
when the temperature of the reaction vessel had reached equilibrium. A batch of the 
monomer was then added and particle nucleation occurred. After half an hour, the 
remaining monomer, initiator and emulsifier were added slowly using peristaltic pump 
feeds (20 g monomer per hour). This method typically produced seeds of -120 to 150 run 
in diameter. 
(b) Seed Growth and Shell Synthesis 
Seeds were grown at 70 to 80 QC, first using nBA then MMA (both with 0.5 wt% 
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crosslinker, TEGDMA, and I wt% graftlinking agent, ALMA). An aliquot of the seed 
emulsion, 10 to 40 cm3, depending on target particle size, was added to a stirred solution of 
initiator and emulsifier in approximately 300 to 400 cm3 of de-ionised water. Monomer, 
crosslinker and grafting agent were added in a starve feed manner with further initiator 
(and emulsifier) added in a separate feed. 
A third growth stage, using a comonomenc feed of MMA and glycidyl 
methacrylate, GMA, (with 0.5 % TEGDMA, and I % ALMA), was perfonned to impart an 
epoxy functionality to the surface layer of the particle. The overall proportion of MMA 
was kept at 33 wt% or over This ensures that the particles have a glassy layer of sufficient 
hi kn al d . . I . 119142 t cess to prevent co escence unng ISO atIOn . . 
For the final growth stage, the initiating system was varied from the thennally-
induced radical production of APS and PPS (70 to 80°C), to redox initiating systems of 
PPS with STS or 5MBS (20 to 40°C). All systems proved to be inherently unstable when 
GMA was part of the final feed. Flocculation often occurred towards the end of the 
polymerisation process, even for low concentrations of GMA, - 5 wt%. Particle isolation 
was achieved by adding magnesium sulphate to the latex, filtering, washing extensively 
with de-ionised water and drying. 
(iii) Three-Layer Particles 
(a) Seed Synthesis 
For the three-layer system, a smaller glassy seed was employed. This was 
synthesised from MMA (2 wt% ALMA) using PPS as initiator. Aerosol OT-75, a 
sulphosuccinate, was used as emulsifier, giving a seed particle diameter of 65 nm. This 
seed was then grown to approximately 200 nm with nBA (0.5 wt% TEGDMA, I wt% 
ALMA), again, using PPS as initiator and OT-75 as emulsifier. The next stage was particle 
growth with MMA (0.5 wt% TEGDMA, I wt% ALMA) to around 230 to 240 nm. The 
final feed of MM A and GMA (0.5 wt% TEGDMA, I wt% ALMA) used a variety of redox 
initiating systems; PPS with STS, PPS with 5MBS, PPS with 5MBS and FeS04144, as a 
catalyst and PPS with 5MBS, CBr4 as chain transfer agent and FeS04 with EDTA as a co-
d·· I 142 o matmg cata yst system . 
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3.3 Reactions of Functional PMMA 
(i) Reaction with Epoxidised Natural Rubber 
Work is being carried out in our research group on interpenetrating polymer 
networks (IPNs) of epoxidised natural rubber, ENR, and PMMA. Amine-functionalised 
PMMA could react with the epoxidised ENR to form a comb-like graft copolymer and act 
o as a reactive compatibiliser for these two polymers. 
The reaction of NHrPMMA with 25 % epoxidised natural rubber (ENR25, see 
Figure 3.7) was performed under similar conditions to the reaction with the epoxidised 
particles. The rubber was allowed to swell in cyclohexanone overnight, with stirring. 
Then NH2-PMMA (5 wt%) and the catalyst were added. The solution was refluxed for 
four days. Again, extraction showed no traces of free PMMA. Cumyl peroxide, a 
crosslinker, was then added at room temperature to the stirred solution. The solvent was 
removed at reduced pressure, the product isolated by precipitation into water and dried in a 
vacuum oven for one week at 50°C. 
o 
3n n 
Figure 3.7: 25 % Epoxidised Rubber 
A control experiment was carried out in tandem with the reaction of ENR25 and 
NHrPMMA. Conditions were kept identical, except for the addition of NHrPMMA. 
This will give a baseline for the testing of the two materials to see what effect the NH2-
PMMA has on the morphology of the IPNs. 
The unreacted and reacted rubbers are to be compression moulded at elevated 
temperature, to activate the crosslinker. The rubber sheet are first allowed to swell in 
MMA (with dissolved AIBN initiator) to the desired level and polymerisation is carried out 
in a mould at 80 °CI59. 
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(ii) Reaction with Styrene-Maleic Anhydride Copolymer 
+ 
J 
dimethylacetimide 
toluene 
phosphoric acid (0.1 wt"1o) 
160 oC 13 days 
Scheme 3.5: Synthesis of PMMA-g-SMA 
Experimental 
PMMA-NH2 and a styrene-maleic anhydride copolymer
l60 
containing 32 mol % 
maleic anhydride, SMA32, were dissolved in dimethylacetimide (60 cm3) under nitrogen in 
a 250 cm3 three-necked flask equipped with a reflux condensor and a Dean and Stark trap. 
The solution was heated to 60°C for 30 minutes prior to addition of degassed toluene (6 
cm
3) and phosphoric acid (3 drops of 85 wt% aqueous solution). The reaction mixture was 
refluxed for 3 days. See Scheme 3.5. Water was collected in the trap and the reaction 
monitored by OPC. The polymer was isolated by precipitation into hexane and dried at 80 
°c overnight. 
(iii) Reaction with Epoxidised Core-Shell Particles 
This reaction was first modelled using aminobenzophenone (50 mol % deficiency) 
as a model compound. The reaction was carried out in a high boiling solvent, 
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cyclohexanone (HPLC grade, 99.9%, Aldrich) using ethyltriphenyl-phosphoniumiodide 
(99%, Aldrich) as a catalyst. The product was extracted with THF, but no unreacted 
aminobenzophenone was seen. 
The reaction of epoxidised particle and PMMA arms was carried out using similar 
conditions to those for the model compound. Again, extraction was performed on the 
product. Free PMMA was collected that corresponded to 16 % of the total PMMA-NH2• 
As a control, a similar extraction was performed using a sample of the epoxidised particles 
where no grafting reaction had been attempted, no free PMMA was collected. 
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4. Results 
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4.1 Living Anionic Polymerisation 
4.1.1 t-ButyJlithium as an Initiator 
Initial polymerisations (RJS 01-05) used t-butyllithium as the initiator for the 
anionic polymerisation of MMA. Poor control of molecular weight and polydispersity 
resulted. Yields were low for RJS 01 and 02 due to the poor solubility of the polymer 
during polymerisation at _78°C. When the volume of solvent was increased from 100 to 
300 cm3, for RJS 03 to 05, the yield improved markedly, although there was still poor 
control of molecular weight and polydispersity (see Table 4.1). 
The improvement in yields for polymerisations RJS 03 to 05 was due to the 
reaction mixture staying in a homogeneous state throughout the addition of monomer. For 
the earlier experiments, the polymer had crashed from solution to form a gelatinous 
precipitate during propagation, thus inhibiting the free movement of active chain ends and 
halting growth for a number of polymer chains. This reduction in the number of active 
centres during propagation means that the initial stoichiometry of the polymerisation was 
upset and an increase in molecular weight resulted. Non-uniform chain growth also 
resulted and the polydispersity of the polymer was broad. 
Table 4.1: GPC Data for t-BuLi Initiated Polymerisations 
Sample Mnc.1e Mnexp MwlMn Yield/% 
RJS 01 55000 147000 3.0 63 
RJS 02 20000 59200 5.2 64 
RJS 03 5000 50500 2.5 80 
RJS 04 1000 32000 2.3 74 
RJS 05 1000 29000 2.0 77 
The homogeneity of the reaction solution, for polymerisations RJS 03 to 05, did 
not, however, improve the molecular weight targeting or polydispersity of the resulting 
polymers. These problems must then be due to the initiator and/or the presence of 
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impurities in the reaction solution. The high number average molecular weights, Mn, may 
indicate a poor initiator efficiency or the presence of termination due to impurities. The 
broad polydispersity indicates that non-uniform chain growth and premature termination 
are occumng. Thus, this system did not produce a "living" character during the 
polymerisation. 
~ II 
rH3 pGI±lLi 
tBu-CH2-C=C \ 
CH3 H2C=\ 
CO 
I 
tBu 
OCH3 
+ 
Scheme 4.i: Conflicting Reactions at t-BuLi initiation 
Scheme 4.1 illustrates the possible side reactions of t-BuLi with MMA during 
initiation. As well as the desired Michael-type addition at the vinyl group, reaction may 
occur at the ester carbonyl giving a ketene and methoxide. A similar reaction of the ester 
enolate anion of a growing polymer chain and the carbonyl function on MMA may also 
occur. This would terminate the polymer chain and produce a polymer sample with a 
broad polydispersity. 
4.1.2 l,l-Diphenylhexyllithium Initiation. 
In order to improve the efficiency and controllability of the initiation reaction, a 
less reactive, more sterically hindered anion was sought. The initiation system decided 
upon was a 1: 1 adduct of n-butyllithium, n-BuLi, with I, I-diphenylethylene, OPE. The 
resulting I, I-diphenylhexyl anion is a hindered carbanion which stops an attack at the ester 
carbonyl during initiation because of the steric bulk of the adjacent phenyl rings (see 
Scheme 4.2). Despite the stabilisation of the anion by the delocalisation of negative charge 
into the two adjacent aromatic rings, the rate of initiation is still much greater than that of 
propagation. This allows the production of a polymer with a narrow molecular weight 
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distribution. 
Q 
nBuLi-C e <±> Li 
b + 
/' 
-+: 
+ 
Scheme 4.2: l,l-Diphenylhexyllithium Initiation 
Initial trials using this system showed a great improvement in polydispersity 
control. See Table 4.2. The use of diphenylhexyllithiurn, OPHL, as the initiator also 
afforded an opportunity to assess the level of impurities in the reaction solution prior to 
polymerisation. The OPHL anion is a distinctive deep red colour in THF. The purity of 
the dried THF could be checked by adding a single drop of OPE and a single drop of n-
BuLi. A red colour is instantly visible in solution. If the reaction solution is free of 
impurities, the anion will be stable, and hence, the solution will retain its colour. If the 
colour fades due to impurities reacting with the anion, another drop of n-BuLi is added 
until the colour eventually remains. After this process is complete, the required 
stoichiometric amount of OPE and n-BuLi is added. 
As can be seen in Table 4.2, the polydispersity was not as narrow as could be 
expected from a living polymerisation. Having improved the initiating process and 
reduced the level of impurities in the system prior to polymerisation, it was necessary to 
look at the propagation stage of the reaction. 
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Table 4.2: ope Datafor Diphenylethylene Initiated Polymerisations 
Sample 
RJS 08 
CL32 
20000 
20000 
Mn .. p MwlMn 
10350 1.63 
46700 1.30 
4.1.3 Propagation in the Presence of Lithium Chloride 
Results 
Further control could be obtained by increased purification of the monomer and 
initiator and the use of lithium chloride in the polymerisation system. See Table 4.3. 
Lithium chloride, LiCl, acts as a coordinating ligand to the growing anionic chain-end 
during polymerisation. It stabilises the chain-end and reduces the concentration of the less 
reactive associated chain-end anion pairs. Although Liel does reduce the overall rate of 
propagation, it ensures that there is only one type of reaction loci, the non-associated chain-
end anions, thus reducing the polydispersity, as no competitive propagation reaction may 
occur. It also reduces the possibility of a growing anionic chain-end reacting with the 
carbonyl function on a monomer molecule. Liel was used at a ratio of ten moles Liel to 
one mole of initiator. 
Table 4.3: OPC and NMR Datafor Polymerisations in the Presence of LiCI 
Sample 
RJSI-20 
RJSI-21 
RJSI-22 
10 000 
5000 
20000 
Mnexp MwlMn MnNMR Yield/% 
5000 
4000 
6500 
1.15 
1.15 
1.18 
4500 
4300 
5500 
50 
57 
35 
Purification methodologies for MMA and 1, I-diphenylethylene were found 151. 
MMA previously purified only by reflux over and distillation from CaHz could be further 
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purified by removal of any alcohol molecules, present from the esterification of 
methacrylic acid, using triethylaluminium, TEAl 151. Addition of TEAl to scrupulously 
deoxygenated MMA removes any alcoholic residues and, on addition of an excess, gives a 
yellow coloured complex with the pure monomer. The presence of a yellow colour is an 
ideal indicator of the purity of the monomer. The monomer is then distilled under vacuum 
into a dry schlenk tube, ready for use. For polymerisations RJSI-20, 21 and 22 this 
purification method was used with TEAl in a hexane solution. The polymers were all 
isolated in low yield and all have molecular weights lower than would be expected. This 
could be explained by the fact that during vacuum distillation of the purified monomer, 
significant amounts of hexane was also distilled across. The hexane in the monomer 
solution would not upset the polymerisation, but would mean that there was less monomer 
to polymerise. The molecular weight and final yield would then be reduced. For later 
polymerisations, TEAl was used in a toluene solution. This less volatile solvent was not 
distilled across during the monomer purification process. See Table 4.4. 
I, I-diphenylethylene can be purified by vacuum distillation from 0.05 equivalents 
of n-BuLi and was then stored under nitrogen prior to use lSI . Polymerisations using these 
refined methods further improved molecular weight and polydispersity control. See Table 
4.4. 
Table 4.4: ope and NMR Data/or Purified Polymerisations 
Sample Mncalc Mnexp MwlMn Yield/% 
CL 33 5000 27000 1.09 >90 
CL 34 5 000 5 600 1.07 >90 
The added molecular weight targeting control imparted to these purified 
polymerisations meant that no high molecular weight material was formed ( Mn > 100 
000). The higher solubility of the low molecular weight polymers being produced meant 
that the overall volume of solvent could then be reduced. This in turn, lowers the amount 
of impurities that may enter the system via the solvent. 
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4.2 Functional Termination 
4.2.1 p-Chloroaniline as a Terminator 
Experiments RJS 02-04 attempted end-capping of the polymer with a functional 
terminator, p-chloroaniline. See Scheme 4.3. IH NMR spectroscopic studies of these 
polymers indicated that no functional termination had occurred. 
--f Cl H3 ~n CH3 0 tBu CH2--+--+--CH2 ~ 08 1 + . _ ---\- L' 
COOCH3 \ _ 
OCH3~ 
-78oC 1 THF 
CH3 
tBu--kH2+---+--< 
l COOCH3 illl 
NH2 + 
80 
Cl Li 
Scheme 4.3: Functional Termination using p-chloroaniline 
No evidence was found for aromatic protons in samples RJS 02,04 or 05. Sample 
RJS 03 did show the presence of aromatic protons. From the ratio of the intensities of the 
signals for the initiator, a singlet at 81.26, tBu-, and the methyl ester of the main chain, a 
singlet at 83.65, the molecular weight was estimated to be 54 500. The ratio of the 
intensities of the signals due to the terminating group aromatic protons, a double doublet at 
87.10 and 86.60, and the methyl ester of the main chain gave a similar result. However, 
the positions of these signals for the aromatic protons are an excellent match for the 
starting material. p-Chloroaniline has aromatic signals at 87.05 and 86.5i 61 • These are 
ortho doublets, characteristic of a para-disubstituted aromatic ring l62. This leads us to 
believe that the aromatic signals in the spectrum of the polymer are due to the presence of 
residual terminating agent rather than the presence of a functionality on the polymer chain-
end. 
The choice of p-chloroaniline as an end-capping agent was not, in hindsight, a good 
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one. For it to work as a terminating agent, nucleophilic substitution of the chlorine must 
occur onto the aromatic ring. As there are no substituent groups on the ring that may 
stabilise the intermediate negative charge, that is, strongly electronegative groups ortho or 
para to the chlorine l63 , the substitution will not occur. In fact, the amine group would do 
just the opposite, destabilising the charge as it pushes negative charge of its own into the 
ring. See Scheme 4.4. One of the resonance structures has the negative charge on the 
carbon adjacent to the amme. This would destabilise it and consequently make the 
substitution improbable. 
Cl Nu 
..J Cl Nu Cl Nu Cl Nu 
Scheme 4.4: Amine Destabilisation a/Charged Intermediate 
It was also realised, after the reactions, that abstraction of the amine protons could 
occur readily and termination of the polymers would be by protonation from the amine. 
4.2.2 p-Nitrobenzoyl Chloride as a Terminator 
The lack of success with p-chloroaniline lead to the use of p-nitrobenzoyl chloride as a 
terminating agent. There are no amine protons to abstract and nucleophilic attack is at the 
carbonyl group rather than on the ring itself. See Scheme 4.5. 
Nu 0 
+ Cle 
Scheme 4.5: 4-Nitrobenzoyl Chloride as a Terminator 
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Here the functional group is the nitro group. This could later be reduced to an 
amine. It was decided to stay with the use of aromatic terminators as they made analysis 
by IH NMR spectroscopy easier. 
A series of polymerisations was then performed to give samples of 0)-
nitrofunctional PMMA over a range of molecular weights. See Table 4.5. 
Table 4.5: Data/or 4-Nitrobenzoyl Terminated Polymers 
Sample MOcale MnGPc MnNMR Mw/Mn %N02 
RJSI-32 2500 2900 2000 1.33 v.low 
RJSI-33 2500 3000 2500 1.46 v.low 
CL 34 5000 5600 1.07 85 
RJSI-34 10000 9900 8600 1.13 82 
RJSI-38 5000 5400 4200 1.27 67 
RJSI-39 20000 17000 20000 1.18 80 
RJSI-40 2000 2 lOO 1800 1.15 56 
RJS 1-45 50000 70000 69500 1.20 60 
RJSI-51 4000 4300 3900 1.15 78 
RJSI-53 lOO 000 103000' 106500 1.37 <50 
The functionalities of these polymers were again characterised by IH NMR spectroscopy. 
The presence of a terminating group was indicated by two signals representing aromatic 
protons, a double doublet at 07.9 and 08.3. See Figure 4.1 for sample RJSI-38. This 
pattern of aromatic signals, AA'BB', is indicative of a para-disubstituted benzene ring l62 
and is different to that of the starting material. p-Nitrobenzoyl chloride shows only one 
signal in the aromatic region at 08.45164 The nitro and benzoyl chloride functionalities 
have similar deshielding effects on their respective ortho protons. The ortho doublets then 
merge and a "tenting effect,,165 means that only a singlet is observed. The different pattern 
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for the aromatic protons on the polymer proved that the signals were not due to residual 
starting material. To check this, the polymer was dissolved in chloroform and 
reprecipitated into methanol. The ratio of terminating aromatic protons to the methyl ester 
protons of the main chain were unchanged. 
The first polymerisations to use this terminating agent resulted in only very low 
functionality. The terminating agent was vacuum sublimated at 50 ·C prior to use and 
dissolved in minimum dry THF. It was added slowly, in large excess, to the reaction 
solution, so as not to cause any temperature increase. The solution was left to stir for one 
hour and removed from the dry ice/acetone bath and allowed to warm to room temperature. 
By increasing the time allowed for the terminating agent to react, a significant increase in 
functionality was observed. Here, after addition of the terminating agent, the cooling bath 
was further insulated and the reaction solution left to stir overnight. Using this technique, 
polymers with high functionality, up to 85 %, were produced. See Figure 4.1. 
The functionalisation of polymers using this method was not consistent. The 
technique allowed excellent control of molecular weight and polydispersity, but the degree 
of functionality tended to fluctuate. It was not possible to get a functionality greater than 
85 %. This was probably due to the presence of a tiny amount of impurities in the THF 
solution used to dissolve and add the terminating agent to the polymerisation solution. 
Further problems arose when the mixing of the terminating agent solution and 
polymer solution was poor. This occurred when the polymer solution was particularly 
viscous and the magnetic follower stopped stirring. This was overcome by the use of 
mechanical stirring. The use of a stirrer gland allowed the reaction vessel to be put under 
vacuum during drying of the apparatus and ensured an inert atmosphere during 
polymerisation. 
4.2.3 p-NitrobenzyJ Bromide as a Terminator 
A similar terminating agent to p-nitrobenzoyl chloride that would gIVe an 
alternative end-group is p-nitrobenzyl bromide. Here, there is a methylene linkage to the 
aryl group rather than a carbonyl. See Figure 4.2 and Table 4.6. 
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Figure 4.2: The Diffirent Aryl Linkage o/Benzoyl and Benzyl Terminated Polymers 
Polymerisations were carried out using this terminating agent. The presence of the 
terminating group was confirmed by the aromatic proton signals in the IH NMR spectrum. 
These signals are at 8S.10 and 87.20 (the peak at 87.20 is somewhat obscured by the signal 
for the diphenyl initiating species). The signals are, again, characteristic of a para-
disubstituted aromatic ring and differ from the starting material (8S.20 and 87.55). See 
Figure 4.3. 
Table 4.6: Data/or Nitrobenzyl Terminated Polymers 
Sample Mneale MnGPc MnNMR MwlMn %N02 
RJS 1-62 5 000 6 500 5 500 1.05 82 
RJS 1-65 2 000 3 000 2 000 1.07 80 
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4.2.4 End-Group Characterisation by MALDI-MS 
Matrix Assisted Laser Desorption Ionisation Mass Spectrometry, MALDI-MS, was 
perfonned on a sample of both the nitrobenzoyl (RJSI-38, 67 %) and nitrobenzyl (RJSl-
65, 80%) functionalised polymers l47. It was also used to examine a reduction product of a 
nitrobenzoyl tenninated polymer. 
MALDI-MS is a low energy ionisation technique that allows the study of low 
molecular weight polymers or 0ligomers l48. Because of the low energy input, polymeric 
samples are not fragmented. The technique uses a sample consisting of a low ionisation-
energy matrix, in this case dithranol, the polymer and a sodium salt l50. The matrix closely 
associates with the polymer. When this matrix material is ionised the unfragmented 
polymer molecules associated with it, also pass into the gas phase. The polymer molecules 
can be ionised by the used of a second ionising laser, or by collision phenomena within the 
plasma. This means that the ions detected represent ions of a complete polymer molecule, 
associated with a sodium counterion. A molecular weight distribution of the polymer can 
then be obtained. The molecular weight distribution is further resolved into narrow peaks, 
separated by the mass of the repeat unit. Each of these narrow peaks represents the exact 
mass of a fraction of polymer molecules within the sample. See Figure 4.4a, sample RJS 1-
38,67 % nitrobenzoyl functionaIised. 
As can be seen from Figure 4.4a, there are several series of peaks within the 
molecular weight distribution. Each series represents PMMA with different end-group 
functionalities. Figure 4.4b shows an expanded section of this spectrum. 
The peaks are assigned by working out the total mass of the terminating end-group, 
the initiating end-group and a sodium ion then adding this onto the mass of the repeat unit 
multiplied by the degree of polymerisation. The spectrum shows the presence of the 
nitrobenzoyl tenninating group, the cyclic tenninating group and the protonated end-group. 
M; + M, + MNa + nMr + 1= Total Mass 4.1 
Where M;, M" Mr are the masses of the initiating group, tenninating group and repeat unit 
respectively, n is the degree of polymerisation. I represents a correction factor that takes 
into account the abundance of isotopes of the various atoms. I is governed largely by the 
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presence of 13C and means an adjustment of approximately one mass unit for every 100 
carbon atoms. Below is a worked example for the RJSI-38, 67 % nitrobenzoyl terminated 
sample. 
Initiator Mass (CH3(CH2)4C(Ph)r) 
Sodium Mass 
Total 
Nitrobenzoyl Mass (--CO(C6H4)N02) 
Hydrogen Mass 
Cyclic Group Mass (--C14H210S) 
= 237.16 
= 22.99 
= 260.15 
= 150.03 
= 1.01 
= 269.13 
The masses of (i) nitrobenzoyl, (ii) hydrogen and (iii) cyclic terminated polymers 
are shown below; 
(i) 260.15 + 150.03 + n(lOO.12) + I = 410.18 + n(100.12) + I 
(ii) 260.15 + 1.01 + n(100.12) + I = 261.16 + n(100.l2) + I 
(iii) 260.15 + 269.13 + n(lOO.12) + I = 529.28 + n(100.12) + I 
From Figure 4.4b, the series that includes the peak at 3817.7 rnJz can then be assigned as a 
nitrobenzoyl terminated polymer. Here n = 34 and the number of carbons is approximately 
200, therefore I '" 2 giving a total mass of: 
260.15 + 150.03 + 34(100.12) + 2 = 3816.26 
Similar calculations for the hydrogen and cyclic terminated polymer give 3667.24 
(peak at 3667.7 rnJz) and 3735.0 (peak at 3735.8 rnJz), respectively. 
The relative intensities of the peaks are related to the relative quantities of each 
end-group but also reflect the degree of association of that end-group with the matrix 
material. It can be seen from these spectra, that the aromatic containing end-group has a 
much higher degree of association with dithranol than the non-aromatic groups. 
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Figure 4.5 shows the spectrum of sample RJS 1-62, 82 % nitrobenzyl 
functionalised. Again, the nitrobenzyl functionality appears as the largest series of peaks. 
The cyclic and protonated end-groups also appear. 
The MALDI-MS spectra ofRJSI-38 and RJSI-62, Figures 4.4 and 4.5, both show 
several series of smaller peaks. These peaks represent polymer molecules with alternative 
end-groups to those discussed above. They are due to initiation not by DPHL but by 
nBuLi alone. This has occurred due to trace amounts of nBuLi left in the initiating 
solution as a result of a slight excess being added to OPE when forming the DPHL adduct. 
The terminating groups are the same. 
For RJS 1-38, these peaks can be assigned as above by substituting the mass of a n-
butyl group for a diphenylhexyl into Equation 4.1. Using n = 35, gives; 3587.29 for the 
proton terminated polymer (peak at 3586.9 m1z), 3855.41 for the cyclic group terminated 
polymer (peak at 3853.6 mlz) and 3736.19 for the nitrobenzoyl terminated polymer. This 
last polymer, initiated by nBuLi and terminated by a nitrobenzoyl group can not be seen. It 
may be present, but it is obscured by the peak representing the cyclic terminated DPHL 
initiated polymer at 3735.8 m1z. See Figure 4.4. Similar assignments can be made for the 
spectrum of RJS 1-62. 
PMMA 
OCH3 I 
C=O 
~-+--CH3 
PMMA ......... 
Figure 4.6: The Cyclic and Benzoyl Terminating Groups Contain a ~-Keto Ester Group 
Two more series of peaks may possibly be explained by a decarboxylation of the 
103 
Results 
cyclic group and benzoyl-tenninated polymers. Both contain a ~-keto ester group which 
may decarboxylate under acidic conditions l66 such as those used during the precipitation of 
polymer products into acidified methanol. Decarboxylation of the cyclic group has been 
d . I 36 propose prevIous y . This leads to peaks 58 m/z (--C02CH3, +H) less than the 
corresponding non-decarboxylated polymer. For n equal to 34, the nitrobenzoyl terminated 
polymer is shown by a peak at 3817.7 m/z. The decarboxylated polymer would then be 
shown by a peak at 3759.7 m/z (peak at 3760.7 m/z). The corresponding decarboxylated 
product from the cyclic group terminated polymer is shown by the peak at 3875.5 m/z (n = 
34). See Figure 4.4. 
4.2.5 Selective Reduction of ro-Nitrofunctional PMMA 
Having produced PMMA with a terminating nitro functionality, the next stage was 
the selective reduction to give an amino functionality. More traditional reduction methods 
using LiAIH4 or NaBH4 could not be used as this would also effect the ester carbonyls of 
the main chain. A method was needed that was selective for nitro reduction to amine. 
The method chosen was hydrogenation, using a palladium catalyst (10 % by weight 
on activated charcoal) with cyclohexene as the hydrogen donorl53 • The reduction was 
carried out using N,N-dimethylformamide, DMF, as solvent at elevated temperatures. This 
catalytic system was thought to be particularly useful as the catalyst could be readily 
removed by filtration. 
DMF,PdlC 1 0 
PMMA· ......... 
Scheme 4.6: Selective Reduction of Nitrobenzoyl Functionalised P MMA 
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Using a polymer with high nitro functionality (CL 34, 85 % nitrobenzoyl end-
functionality) and following the reaction by IH NMR spectroscopy, no reaction was seen to 
have occurred at reaction temperatures of 90 to 100°C. When the reaction temperature 
was increased to 150 DC, an 85 % conversion to aminoaryl functional PMMA was seen in 
the crude sample. The intensities of the signals for the nitro-substituted aromatic ring 
could be seen to decrease with time (87.9 and 88.3) and a new set of signals due to an 
amine substituted aromatic ring could be seen to increase with time (87.6 and 86.6). The 
final amine functionality was 70 % and the reaction complete after six hours. Figure 4.7 
shows the NMR spectra of crude samples taken during the reaction. 
Attempts to repeat this reaction proved not to be so successful. The nitro 
functionality was reduced to amine except when toluene was used as a solvent. However, 
an overall loss of functionality was observed. Table 4.7 shows the results of several 
hydrogenation reactions. As can be seen, the hydrogenation is not only reducing the 
nitroaryl end-group, but stripping the whole aryl group off the polymer. See Figure 4.8, 
here the nitro functionality of the starting polymer (RJS 1-34) was 82 %. After reduction to 
amine (RJSI-44) the functionality has decreased to 32 %. 
Table 4.7: Data/or Original PdlCCyciohexene Selective Reductions 
Sample Initial Final Final Conditions 
%N02 %N02 %NH2 
CL 34 85 0 67 DMF/150 QC 
RJSI-34 82 0 45 DMF/153 QC 
RJSI-34 82 0 32 DMF/145 QC 
RJSI-38 67 67 0 Toluene/1l6 QC 
RJS 1-38 67 0 25 DMF/125 QC 
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Results 
Following these poor conversions to amine, the thennal stability of the nitrobenzoyl 
functional polymers was investigated. Refluxing the polymer in THF (T = 67 DC) for 14 
hours caused a functionality loss of 30 %. This is a somewhat surprising result. It was, 
therefore, assumed that the end-group resulting from tennination using p-nitrobenzoyl 
chloride was in some way unstable. This could be due to the instability of the ~-keto ester 
group of the final repeat unit and the tenninating benzoyl group. Although cleavage of the 
benzoyl group should only occur in strongly basic solutionl67. 
It was hoped that the polymers synthesised with a nitrobenzyl tenninating group 
would have no such stability problems. However, despite a general increase in thennal 
stability, this proved not to be the case. Refluxing these polymers in THF, again, gave a 
decrease in their overall degree of functionality. The loss of functionality was decreased. 
After 65 hours of reflux, only 10 % was lost. 
Table 4.8: Datafor the Model Reduction Reactions 
Sample Solvent Catalyst Conditions H-Donor Conversion 
18502/2 THF PdlC 67 DC C6HIO No Reaction 
1853114 THFIH20 PdlC RmTemp NaCOOH Mixed 
1853115 THFIH20 PdlC RmTemp HCOOH Mixed 
1853117 THFIH20 PdlC RmTemp Na2S204 Complete 
18531116 THF PdlC RmTemp H)P02 Complete 
18531122 CH2CI2 PdlC Rm Temp H)P02 Complete 
18531119 THFIH20 PdlC Rm Temp H)PO) Complete 
18531125 THFIH20 Sn RmTemp HCI Complete 
Both benzoyl and benzyl tenninated polymers had shown evidence of thennal 
instability. In order to reduce the nitro functionality without adversely affecting the 
samples, a low temperature hydrogenation route was sought. These experiments were first 
modelled by the reduction of nitrobenzophenone to the corresponding aminobenzo-
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phenone'68. The majority of these methods used palladium on charcoal as the catalyst. 
As can be seen from Table 4.8, a range of low temperature reduction recipes have 
been demonstrated for the reduction of nitrobenzophenone. The use of palladium on 
activated charcoal as catalyst with sodium dithionite, Na2S204, hypophosphorus acid, 
H3P02, or phosphorus acid, H3P03, as hydrogen donors gave excellent results. These 
methodologies were then applied to the nitrobenzoyl and nitrobenzyl functional polymers. 
The functionalities of the polymers were characterised by 'H NMR spectroscopy. 
One sample, a reduction product of RJSJ-38 (67 % nitrobenzoyl) was investigated by 
MALDI-MS. See Figure 4.9. Here we see peaks characteristic of the aminobenzoyl end-
group as well as a partially reduced product (-COArNHOH). 
Table 4.9: Data/or Low Temperature Reduction o/Functional Terminated Polymers 
Solvent Conditions Reducing Polymer Initial Results 
Agent Sample %NOz 
THF RmTemp PdlC+ H3P02 RJSJ-6S 82 No end groups 
THF 67°C PdlC+ H3P02 RJSJ-38 67 13% NH2 
29% N02 
THF RmTemp PdlC+ H3P02 RJSJ-62 79 39% NH2 
THF RmTemp PdlC+ H3P02 RJSI-62 79 42% NH2 
CH2Cl2 RmTemp PdlC+ H3P02 RJSJ-38 67 27% NH2 
THF Rm Temp PdlC + H3P03 RJSJ-62 79 No end groups 
THFIH20 67°C PdlC+ H3P03 RJSJ-34 82 60% N02 
THF RmTemp Sn + HCI RJSJ-34 82 42% NH2 
THF Rm TempJ hr Sn+ HCI RJSI-39 80 34% NH2 
46% N02 
THF Rm TempS hrs Sn + HCl RJSI-39 80 80% NH2 
THF Rm Temp2J hrs Sn + HCI RJSI-39 80 30% NH2 
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Figure 4.9: MALD! Data of Reduction Product of Nilrobenzoyl Terminated PMMA 
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As can be seen from Table 4.9, despite the promising results of model reactions, an 
overall loss of functionality occurs for all the reduction systems. The reaction using 
powdered tin as the catalyst and hydrochloric acid as hydrogen donor looked, initially, to 
have worked to 100 % conversion to amine, after five hours. This result could not, 
however, be repeated. 
It can only be concluded that the terminating end-groups, both benzoyl and benzyl, 
are intrinsically unstable to reduction. This is surprising because, for the nitroaryl 
functionality to be removed from the polymer a carbon-carbon bond must be cleaved. A 
possibility is that the terminating agent is not actually bound to a carbon atom in the final 
repeat unit but to an oxygen atom. See Scheme 4.7. 
CH3 
/ 
M .. ·_" -"'~"'-"'-CH2-C e 
\ 
C=O 
/ 
H3CO 
1 
CH3 I 
1 
... 
Termination with 
X-R-Ar-N02 
R=C=O, CH2 
CH3 / 
- ......... CH2-C-R-Ar-N02 
I 
......... , ....... CH2-C 
}-O-R-Ar-N02 c=o 
I (1) OCH3 H3CO (2) 
Scheme 4. 7: The Ester Enolate Anion is an Ambident Nucleophile 
The ester enolate chain-end anion is an ambident nucleophile l69. That is, the 
negative charge abides on more than one atom. In this case the two tertiary carbons and 
the oxygen of the ester carbonyl. There is, therefore, the possibility of the enolate anion 
reacting in two different ways, via the tertiary carbon or the oxygen, and thus giving two 
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different products. 
In general the reaction of ambident nucleophiles is virtually always via the more 
basic atom, in this case, the tertiary carbon. Here, the reaction is at -78 QC in a polar 
solvent. It is possible that the reaction is actually kinetically rather than 
thermodynamically controlled. This means that reaction via the oxygen may be 
possiblel7o. This would give an ester linkage to the terminating group that would be 
unstable to hydrogenation. 
The characterisation methods used so far to determine the type and degree of 
functionality on a polymer sample, that is 1H NMR spectroscopy and MALDI-MS, show 
only the presence of the nitro aryl group. Neither method can tell in what way the nitroaryl 
(benzoyl or benzyl) is bound to the polymer. 
The 1H NMR spectra of the nitroaryl functional polymers show only one set of 
aromatic peaks, representing the ortho doublets of a para-disubstituted aromatic ring. See 
Figure 4.1 If termination had occurred both via the tertiary carbon and via the oxygen, to 
give a carbonyl or an ester linkage to the aromatic group respectively, it would be expected 
that two sets of ortho doublets would be visible. One set would represent the aromatic ring 
adjacent to a carbonyl and a nitro group and the other an aromatic ring adjacent to an ester 
and a nitro group. The presence of only one set of ortho doublets suggests that only one 
type of reaction is occurring. 
4.2.6 IlC NMR Spectroscopy Studies of m-Functional PMMA 
I3C NMR spectroscopy was able to identify the way in which the terminating group 
is bound for the nitrobenzoyl terminated polymers. See Figure 4.10. The ketone linkage to 
the nitroaryl group in (1) would have a very different chemical shift ("'0200)171 to the ester 
carbonyl linkage ("'0160)171 of(2). 
The aromatic and carbonyl region of the 13C NMR spectra of the relevant polymers 
are shown in Figures 4.11, 4.12 and 4.13 on pages 114,115 and 116, respectively. 
Figure 4.11 is the spectrum of sample RJS 1-38, a nitrobenzoyl terminated polymer 
with a functionality of 67 %. The peak assignments are shown. The peaks of most interest 
are those at 0195.5 and 0196.1. These are indicative of a ketone such as that shown in (1) 
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of Figure 4.10. The large peak at 8177.1 is due to the ester carbonyl of the repeat unit. 
The two peaks at 8172.7 and 8173.2 are due to the ester carbonyl of the final repeat unit 
adjacent to the terminating group. The fact that the linking ketone and the ester carbonyl 
give doublets in the 13C NMR spectrum is probably due to two confonnational isomers 
being present. The aromatic ring and the j3-keto ester structure of the end groups would 
limit its free rotation. There is no evidence to suggest a structure similar to that of (2) of 
Figure 4.10. 
CH3 ""'N"'-W'~"'-""~CH2-1-~-O-_~ N02 
C=O (1) I , ... y ........ 
OCH3 
CH3 (2) / 0 
CH2-C II-o-~ 
}-O-C N02 
H3CO -
Figure 4.10: Possible End-Group Structure oJNitrobenzoyl Terminated Polymers 
Figure 4.12 shows a similar 13C NMR spectrum. It is of sample '18531124B, an 
aminobenzoyl-terminated polymer, a reduced product of RJSI-38. The peaks at 8193.8 
and 8194.8 show the carbon of the ketone linkage. The peaks at 8174.2 and 8174.5 are 
assigned to the ester carbonyl of the final repeat unit adjacent to the terminating group. 
Again, there is no evidence for an ester linkage to the nitroaryl terminating group. 
Figure 4.13 is the spectrum of sample RJS 1-65, a nitrobenzyl functionalised 
polymer. Here, there is a methylene linkage to the nitroaryl terminating group, which 
would allow more free rotation of the end groups. This can be seen by the fact that there is 
only one peak (8175.5) representing the ester carbonyl of the final repeat unit adjacent to 
the terminating group. 
From these 13C NMR spectra, it can be concluded that the tenninating reaction of 
the ambident nucleophile goes via the more basic carbon atom. Thus, giving a carbon-
carbon bond to the terminating group. This, however, does not answer the question of why 
the end-group is unstable to hydrogenation. 
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Results 
4.3 Functional Initiation 
An alternative method for the end-functionalisation of a polymer is to introduce the 
functionality at the beginning of the polymerisation process rather than at the end, as for 
functional termination. The best way to do this, is to use an initiator that contains the 
desired functionality. The functionality of interest to this project is primary amine, so a 
protected version of the functional group or a precursor would be required. 
Functionalisation methodologies using functionalised I, I-diphenylethylene have 
been used previously for the functionalisation of styrene 172, 173. These systems used 
functionalised DPE to introduce functionality during, or at the end of the polymerisation 
process. Our anionic polymerisation methods already used DPE as part of the initiating 
system. It was thought that these techniques could be adapted to the functional initiation of 
poly(methyl methacrylate). 
4.3.1 Synthesis Functional Initiators 
4.3.1.1 1-( 4-Nitrophenyl)-I-phenylethylene 
Prior to the inconsistent selective reduction of nitroaryl end-functionalised PMMA, 
a nitro-functionalised DPE was synthesised to be used as a functional initiator. 
h . 103 A Wittig synt eSlS , usmg 4-nitrobenzophenone and methyltriphenyl-
phosphoniumiodide produced a low yield of the desired nitro-functionalised DPE. The IH 
NMR spectrcopy and FTIR data are shown below. 
IH NMR (CDCI3): CiH- 5.90, 5.94, 2H, d, =CH2; 7.60, 5H, s, Ar-H; 8.52, 8.36 and 7.84, 
7.68, 4H, AA'XX', Ar-H. 
lR (KBr): 1525 and 1320 cm ·1 (s, -N02 symmetric and asymmetric stretch). 
4.3.1.2 1-(4-Aminophenyl)-I-Phenylethylene 
Wittig Route 1 
The synthesis of 1-( 4-aminophenyl)-I-phenylethylene was attempted usmg a 
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similar Wittig recipe to that of the synthesis above. It was, however, unsuccessful and 
produced only starting material. 
Grignard Route 
The use of a Grignard reagent, from magnesium and iodomethane (CH3Mg1), with 
substituted benzophenones also produced only starting material. A solution of phenyl-
magnesiumbromide (PhMgBr) in ether reacting with substituted acetophenones produced 
the desired tertiary alcohols. See Scheme 4.8. 
OMgBr 
+ BrMg 
--... CH3-+--<O 
R=H,O 
Nf4CIIH2O 
OH 
CH3 0 -H2O ~ ~ CH2 
+H3O 
n POCl3 NR2 
III MsCl/Py 
NR2 
Scheme 4.8: Grignard Route to Substituted Diphenylethylene 
Dehydration of the carbinols using orthophosphoric acid or acetic acid produced only 
charred starting material. Mesylation of the alcohol with mesyl chloride (S02ClCH3) 
followed by basic cleavage using pyridine or triethylamine did not give the 
diphenylethylene. Dehydration using phosphoryl chloride (POCI3) was also unsuccessful. 
Wittig Route 2 
Following the failure of the Grignard route, another Wittig type reaction was 
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attempted. This time methyltriphenylphosphoniumbromide (99 %, Aldrich) was used with 
methyllithium and 4-aminobenzophenone. 1-( 4-Aminophenyl)-I-phenylethylene, APPE, 
was produced in good yield (60 %). Further purification was achieved by vacuum 
sublimation at 75°C or by recrystallsation from 60-80 °c petroleum ether. IH NMR 
spectroscopy and FTIR spectroscopy data are shown below. 
IH NMR (CDCI3): IiH- 3.68 2H, br s, -NH2; 5.28, 5.38 2H, d, =CH2; 6.61, 6.68 and 7.12, 
7.18, 4H, AA'XX', Ar-H; 7.35, 5H, s, Ar-H. See Figure 4.14. 
IR (KBr): 3468 and 3373 cm·1 (m, N-H stretch). 
The high yield might be thought of as surprising because the acidic primary amine 
group could protonate and hence destroy the ylide. It has been proposedlO5 that a reversible 
proton transfer between the 4-aminobenzophenone and the methylenetriphenylphosphine 
anion followed by irreversible decomposition of the betaine may account for these high 
yields. See Scheme 4.9. 
o 
+ • 
eNH 
e 
o 
1 
® 
,CH2P(phh 
...•• 
7"" 
+ O=P(Ph)3 
Scheme 4.9: Willig Synthesis of 1-(4-Aminophenyl)-I-phenylethylene 
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4.3.2 Protection of Amine Functionalised Diphenylethylene 
In order to use the primary amine functionalised DPE as an initiator, the amine 
group must be protected as the acidic amine protons may terminate the anionic chain end. 
With this in mind, protecting groups that remove both protons were sought. 
4.3.2.1 Silylation 
Disilylation has been reported lO5 as a protecting group for a primary amine group. 
See Scheme 4.10. 
i 2 CH3Li 
ii 2 Si(CH3)3CI 
NH2 
Scheme 4.10: Silyi Protection of Primary Amine 
This protection route would be ideal as it has also been reported that a silylated amine has a 
reduced electron donating effect on an aromatic ring lO5 • This is due to the back-bonding of 
the unshared electrons on the nitrogen into the d-orbitals of the silicon. Therefore, the 
anion formed when 1-( 4-aminophenyl)-I-phenylethylene reacts with n-BuLi would not be 
as destabilised as it would be with an unsubstituted amine. 
Attempts to form this protected amine with chlorotrimethylsilane proved, however, 
to be unsuccessful. According to the literature 105, the silyated product could be isolated by 
vacuum distillation from the reaction mixture. No silyated product was recovered. 
4.3.2.2 Imine Protection 
An alternative protection route is to form an imine, or Schiff Base, from the amine 
and a ketone. See Scheme 4.11. This route may, however, be unsuitable as the C=N bond 
will be prone to attack by a nucleophile. Therefore, a sterically hindered ketone, 
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benzophenone, was chosen in the hope that it would restrict reaction at the imine during the 
formation of the initiator, 1-( 4-benzophenone iminophenyl)-I-phenylhexyllithium, the 
adduct with n-BuLi. 
Using an azeotropic reaction, catalysed by p-toluenesulphonic acid, the imine, 1-(4-
benzophenone iminophenyl)-I-phenylethylene, BIPPE, was formed. The yield was 
typically 60 %. 'H and '3C NMR spectroscopy data are given below. 
'H NMR: (CDCI3): oH- 5.32,5.39 (2H, d, =CH2); 6.70, 6.68 and 7.74,7.76 (4H, AA'XX', 
Ar-H); 7.13 to 7.47 ISH, (m, Ar-H). See Figure 4.15. 
+ o +H -H20 , . 
Scheme 4.11: 1mine Protection of Amine Functionalised Diphenylethylene 
l3C NMR (CDCI3): OC- 113.2 (s, =CH2); 120 to 131 (14C, Ar-H); 136.21 (qC, ipso-Ar); 
139.6 (qC, ipso-Ar); 141.7 (2C, qC, ipso-Ar); 149.7 (qC, H2C=C(Ar)2); 150.8 (qC ipso-
Ar-N); 168.3 (qC, N=C(Ph)2). The rigid planar structure, induced by the extensive 
conjugated system, makes the aromatic region hard to assign as many carbons produce 
doublets due to their hindered rotation between conformational Isomers. Traces of 
impurity are also evident by the peaks at OC- 128.3, 132.4. 
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Results 
Deprotection 
Removal of the protecting group is a simple matter of acid catalysed hydrolysis in 
THFIH20, '" 5:1. Refluxing for an hour in the presence of p-toluenesulphonic acid 
produced the amine in quantitative yield. 
4.3.2.3 Phthalimide Protection 
An alternative protecting group that was investigated was the formation of a 
phthalimide. This is achieved by the azeotropic reflux of the amine with phthalic 
anhydride. See Scheme 4.12. IH and I3C NMR spectroscopy results are givne below. 
IH NMR (CDCI3): cH- 5.51, 5.52 (2H, d, =CH2); 7.34-7.49 (5H, m, Ar-H); 7.79 (2H, m, 
Ar-H); 7.96 (2H, m, Ar-H). Figure 4.16 shows the IH NMR spectrum and assignments. 
I3C NMR (CDCI3): cC-115.1 (s, =CH2); 123.8 (2C, s, Ar-H); 126.2 (2C, s, Ar-H); 127.9 
(s, Ar-H); 128.2 (2C, s, Ar-H); 128.3 (2C, s, Ar-H); 128.9 (2C, s, Ar-H); 131.1 (qC, s, 
ipso-Ar); 131.7 (2C, qC, s, ipso-Ar); 134.4 (2C, s, Ar-H); 141.0 and 141.2 (d, qC, ipso-
Ar); 149.2 (qC, s, H2C=C(Ar)2); 167.3 (qC, s, ipso-Ar-N); 224.9 (2C, qC, d, O=C). 
+ 
o 
o 
Scheme 4.12: Phthalimide Protection of Amine Functionalised Diphenylethylene 
Deprotection 
Using conditions similar to those used to deprotect the imine protected initiator, the 
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Results 
phthalimide was not deprotected. After several days reflux in THFIH20, only traces of the 
amine could be seen. 
Following these results, a number of polymerisations were carried out using the 
initiators synthesised here. The phthalimide protected initiator was not used as it had 
proved difficult to deprotect. 
4.3.3 Polymerisations Using Functional Initiators 
4.3.3.1 1-( 4-Nitrophenyl)-I-phenylethylene 
Upon addition of n-BuLi to a solution of 1-( 4-nitrophenyl)-I-phenylethylene in 
dried THF, a dark yellow/orange colour was seen. This was assumed to be due to the 1-(4-
nitrophenyl)-I-phenylhexyl anion. Upon addition of monomer, no polymerisation was 
seen to occur. The solution did not lose its colour. No polymeric product was isolated. 
The lack of any polymerisation at all was possibly due to the stabilising effect of 
the electron withdrawing nitro group. It was thought that the anion is too stable to react 
withMMA. 
• .. CH3(CH2)4 ~ 
~ 
~ e 
N02 N02 
Scheme 4.13: Stabilisation of the Diphenylhexyl Anion by the Nitro Group 
Scheme 4.13 shows a resonance structure for the nitro substituted diphenylhexyl 
anion. It shows the negative charge on the carbon adjacent to the nitro group. This would 
be a stabilised charge and could reduce the overall reactivity of the anion. 
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4.3.3.2 1-( 4-Benzophenone iminophenyl)-I-phenylethylene 
Using BIPPE a number of polymerisations were carried out. These are summarised 
in Table 4.1 O. 
Table 4.10: Datafor BIPPE Initiated Polymerisations 
Sample Moca1c MnNMR MnGPc Mw/Mn MnGPC a Mw/Mna 
RJSI-23 9000 13 500 22600 5.74 20500 1.25 
RJSI-25 43000 12000 194900 2.16 203000 1.59 
RJSI-27 30000 65000 26600 13.2S 73600 l.l3 
RJSI-29 5000 33500 IS 300 16.43 34300 1.24 
RJSl-S2 20000 20 SOO 21600 1.03 
RJSl-S3 50000 IS 000 16600 1.05 
a) ope data for the main peak only. 
Upon addition of an equimolar amount of nBuLi to a solution of BIPPE in dry 
THF, a dark green colour is instantaneously formed. This was assumed to be due to the 
anion formed by the addition of nBuLi to the vinyl group, 1-( 4-benzophenone 
iminopheny1)-I-phenylhexyllithium (BIPPHL). See Scheme 4.14. 
Scheme 4.14: Formation of 1-(4-Benzophenone iminophenyl)-l-phenylhexyllithium 
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This green solution is then added dropwise to a stirred solution of LiCI in dry THF 
until the green colour just remained stable. The required stoichiometric amount of 
BIPPHL was then added and the solution cooled to _78°C. The polymerisation was then 
as before. Termination was achieved by addition of 10 cm3 of methanol. 
Molecular Weight Distributions 
The first pair of polymers in the table, RJSI-23 and 25, both have bimodal 
molecular weight distributions. Figures 4.17a and b show the GPC results for both 
polymers. RJS 1-23, a low molecular weight polymer, shows a well-separated smaller peak 
at high molecular weight, Mn is estimated at about 106. For RJSI-25, this high molecular 
weight material appears as a shoulder on the main peak, again, Mn is estimated to about 
106. 
Polymers RJS 1-27 and RJS 1-29 had bimodal molecular weight distributions, both 
showed a well-separated peak at high molecular weight. See Figure 4.17 c and d. 
Polymers RJS 1-23 to 29 all gave poor molecular weight targeting. The main peak 
on the GPC trace was examined where it was well separated from the high molecular 
weight peak. These are the results in the final two columns of Table 4.10. For polymers 
RJS 1-27 and 29 this main peak was quite narrow, MwlMn = 1.13 and 1.24, see Figure 
4.18. 
The poor molecular weight targeting was probably due to trace impurities present in 
the initiator. These may react with n-BuLi prior to its complete addition to BIPPE, thus 
upsetting the stoichiometry of the reaction. The narrow molecular weight distribution of 
the major product suggests that the BIPPHL anion is an effective initiator for the living 
anionic polymerisation ofMMA. 
The presence of the second product, a high molecular weight impurity, is more 
confusing. It may be due to the presence of a different initiator within the system 
competing with BIPPHL. This different initiator may be from the addition of nBuLi to an 
impurity, nBuLi itself, or it could be formed by an alternative reaction ofnBuLi and BIPPE 
to that shown in Scheme 4.14. The most likely side reaction is the attack of nBuLi on the 
carbon of the imine group. See Scheme 4.15. 
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To investigate the possibility of this side reaction, BIPPE was reacted with nBuLi 
and tBuLi. Both reactions were terminated with methanol. IH NMR spectra of the 
products showed a complicated aromatic region that was difficult to assign. Both showed 
the presence of a significant amount of starting material, indicating that the reaction is 
quite slow compared to that of DPE and nBuLi. The stability of the BIPPHL anion is 
complicated. The imine group would destabilise a negative charge on an adjacent aromatic 
ring, but the presence of the two benzophenone imino aromatic rings offers the opportunity 
of further conjugation. The increased conjugation could, in turn, increase the stabilisation 
of the negative charge. See Scheme 4.16. 
The FTIR spectra of the products showed that a secondary amine was formed for 
both the reaction of nBuLi and tBuLi. Figure 4.19 shows the FTIR spectra for BIPPE (a) 
and for the products of its reaction with nBuLi, RJS 1-31, and tBuLi, RJS 1-3 7 (b). The 
secondary amine is indicated by the peak at 3412 cm-I v(N-H) stretch174• 
The presence of a secondary amine is indicative of the addition of BuLi to the 
carbon of the imine group. This would give an anion on the nitrogen. It is this nitrogen 
anion that may be competing with BIPPHL and giving the high molecular weight product. 
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Previous work at ICI Wilton has suggested that an anionic polymerisation initiated by a 
nitrogen based anion gives a product that goes very quickly to high molar mass 17S . 
of • of • 
N: N: N: 
o 
Scheme 4.16: Stabilisation and Destabilisation of the Benzophenone Imine Group 
The third and final pair of polymers were made using another batch of BIPPE. 
Again, these polymers showed the presence of a high molecular weight impurity. The 
main products here have very narrow molecular weight distributions, MwlMn = 1.03 and 
1.05 for samples RJSI-82 and 83, respectively. See Figure 4.20. 
End-Group Analysis 
Characterisation of the initiating end-group was by attempted by IH NMR 
spectroscopy. It was complicated by the high molecular weights of the BIPPE-initiated 
polymers. The end-group structure of a lower molecular weight polymer (RJS 1-23) is 
shown in Figure 4.21. The aromatic end-group gives a complicated series of peaks, that, 
whilst similar to the spectrum of BIPPE, is too complicated to assign with a high degree of 
confidence. However, because of the similarity it was decided to pursue this route further. 
Purification and Deprotection 
Removal of the high molecular weight impurity was achieved by fractional 
precipitation176. The slow addition of methanol to a solution of polymer in acetone 
removed the impurity and gave polymer samples with narrow molecular weight 
distributions. 
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After fractional precipitation, attempts were made to deprotect the imine initiating 
group 177. This was achieved by the acid hydrolysis of the polymer in a THFffi20 (5:1) 
solution in the presence ofp-toluenesulphonic acid (20-fold excess). After refluxing for 16 
hours, the hydrolysis was complete. The polymer was then precipitated into a methanolic 
solution of sodium methoxide (10% w/v) to remove benzophenone and p-toluenesulphonic 
acid from the polymer. Figure 4.23 shows the aromatic region of the 'H NMR spectra of 
the hydrolysis product of RJS 1-83 before and after precipitation. 
Figure 4.22: End-Group Structure a/a-Amine End-Functionalised PMMA 
For the purified polymer, the peaks at oH - 6.66 and 6.87 (4H) are representative of 
the ortho doublets of the para-substituted amine functionalised aromatic ring and the peaks 
at oH -7.25 (3H) and 7.36 (2H) are representative of the phenyl group. 
It has been shown that the use of 1-( 4-benzophenone iminophenyl)-I-
phenylethylene with nBuLi as an initiator for the anionic polymerisation of MMA has 
produced, after fractional precipitation and deprotection, a-amine end-functionalised 
PMMA with a structure shown in Figure 4.22. 
Differential scanning calorimetry was performed on a sample of PMMA-NH2 
(RJS 1-82). It gave the glass transition as 136 QC. This confirms the highly syndiotactic 
nature of the polymer, pure syndiotactic PMMA has a Tg of 160 QC compared to 105 QC 
for atactic PMMA178. 
4.4 Applications of a-Amino Functional Poly(methyl methacrylate) 
Pairs of polymers are often immiscible and this may result in poor mechanical 
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properties because of the weak interface between them. The use of a compatibiliser, such 
as a block or graft copolymer of the two polymers in question, or direct grafting between 
the components may improve adhesion and hence mechanical properties179. 
The long-term synthetic goal of this project has been the production of a lightly 
crosslinked core-shell toughening particle with surface grafted linear PMMA "arms". It 
was hoped that the anionically-produced amine-functionalised PMMA would allow the 
future study of how variations of graft length effected the compatibilisation of such 
particles in a PMMA matrix and thus the impact toughness. 
The terminally amine functionalised PMMA synthesised in this project should 
allow grafting directly onto a range of other polymers that contain. a complementary 
functional group. The PMMA-NH2 were used to make graft copolymers with several 
different systems. 
i) ENR-g-PMMA, where ENR is an epoxidised natural rubber. 
ii) SMA32-g-PMMA, where SMA32 is a styrene-maleic anhydride 
copolymer. 
iii) PMMA-NH2 grafted onto epoxy surface-functionalised core-shell particles. 
4.4.1 Epoxidised Natural Rubber 
The rubber used here is 2S % epoxidised and has the structure seen in Figure 4.24. 
o 
3n n 
Figure 4.24: 25 % Epoxidised Natural Rubber 
The reaction was modelled with 4-aminobenzophenone using a 2-fold excess of 
epoxy units to amine. The rubber was first allowed to swell overnight in cyclohexanone. 
The amine was then added along with a catalyst, ethyltriphenylphosphoniumiodide, ETPI, 
at 0.1 % mole equivalents to amine l8o• The reaction was refluxed at IS5 QC, and monitored 
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by FTIR spectroscopy. The first sample, taken at the start of the reaction, showed the 
presence of the amine by the peaks at 3300 and 3450 cm·1 (N-H stretch) and 1600 cm·1 
(Ar-H vibration). The next sample, taken after two hours, showed a significant reduction 
of all these peaks and they finally disappeared after four hours reflux. This result suggests 
a reduction of the amount of free amine in the system perhaps due to the grafting of the 4-
aminobenzophenone on to the rubber. 
A grafting experiment was carried out using 5 wt % PMMA-NH2 to rubber. The 
solution was allowed to reflux for 72 hours to ensure complete reaction. FTIR 
spectroscopy studies were inconclusive. Due to the small amount of PMMA in the system, 
no evidence of free PMMA could be seen at the start of the reaction. Extraction of the 
product with acetone, after precipitation into water and drying, produced no free PMMA. 
It was concluded that the PMMA-NH2 was possibly bound to the rubber. 
After extraction, differential scanning calorimetry, DSC, was used to characterise 
further the grafted rubber and a control sample of the rubber. The control sample had been 
subject to identical experimental conditions as the grafted sample, except for the addition 
of PMMA-NH2. 
The unmodified rubber showed only a glass transition at -42°C. See Figure 4.25a. 
The rubber sample where grafting has been attempted, Figure 4.25b, shows two glass 
transitions. The Tg of the rubber is probably unchanged at -41°C, and now a new glass 
transition can be seen at 111°C. 
It is proposed here that the peak at 111°C is due to the glass transition of PMMA 
and confirms its presence in the sample. It cannot, however, determine whether the 
PMMA is actually grafted to the rubber. The Tg representing PMMA was lowered from 
136°C for the pure PMMA-NH2 polymer. This is a significant reduction and may indicate 
that the PMMA is bound to the rubber. The PMMA is present only as a small weight 
fraction (5 wt %). It is conceivable that once bound to the ENR, the PMMA polymer 
molecules are sufficiently isolated that they are unable to form domains of PMMA of any 
significant size. A molecule of PMMA surrounded completely by the low Tg ENR 
material would experience a significant increase in free volume in its vicinity and thus 
exhibit a lower Tg. Further characterisation to confirm the presence of grafting may prove 
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difficult. The crosslinked nature of the rubber does not allow OPC analysis of the product. 
4.4.2 Styrene-Maleic Anhydride Copolymer 
Here, the primary amine function on the PMMA reacts with an anhydride function 
on the SMA32 copolymer to give an imide graft 160. This reaction was first modelled by the 
reaction of 4-aminoacetophenone with SMA32. Using IH NMR spectroscopy and FTIR 
spectroscopy it can be seen that one third of the anhydride groups are converted to imide 
groups. This represented complete conversion of the amine to imide. Imidisation was 
characterised by the aromatic proton peak at 8 ppm in the IH NMR spectrum, due to the 
protons of the aromatic ring of the 4-imidoacetophenone. FTIR spectroscopy shows the 
presence of imide carbonyls by the absorptions at 1715 and 1780 cm· l . 
A graft copolymer was synthesised in which the repeat unit mole ratio was I: I. 
From the ratio of the molecular weights of the polymers given in Table 4.11, 
approximately two to four PMMA grafts per SMA molecule would be formed. See Figure 
4.26. 
Table 4.11: Molecular Weight Data of Polymers Usedfor PMMA-g-SMA Synthesis 
Polymer Mn Mw Mw/Mn 
PMMA-NH2 21600 22400 1.03 
SMA32 44900 93 100 2.1 
The characterisation of the PMMA-g-SMA copolymer was complicated because the 
number of imidised anhydride groups was so few, 1-2 %, that FTIR spectroscopy and IH 
NMR spectroscopy could not detect them. OPC was used to monitor the course of the 
reaction. The formation of a high molecular weight product can be clearly seen. This 
product is taken to be the graft copolymer. See Figure 4.27. 
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Figure 4.26: Structure ofPMMA-g-SMA Copolymer 
4.4.3 Epoxy Surface-Functional Particles 
As stated above, for the PMMA-NH2 to graft to the surface of a polymer particle, 
that surface must include a complementary functional group able to react with the amine 
group. The group chosen here was the epoxide group. This functionality would be 
imparted to the surface of the particle by a final feed containing glycidyl methacrylate. 
The particles were synthesised with the possibility of using them as impact 
modifiers for poly(methyl methacrylate). The general structure was a rubbery poly(n-
butylacrylate), PnBA, core surrounded by a glassy shell of poly(methyl methacrylate), 
PMMA. 
4.4.3.1 Particle Syntheses 
The final particle diameter was aimed to be around 250 nrn, as this has been shown 
to be the optimum particle size for a toughening particle in a PMMA matrix Ill. Three 
systems were investigated to control the particle size. 
Soapless Polymerisations 
This method used fragments from the initiator, ammonium persulphate, as the only 
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surface active ingredient. It has the advantage of leaving a cleaner particle surface than 
when conventional emulsifiers are employed. 
This technique was used first to synthesise the rubbery core of PnBA at 20 % 
solids. Sodium hydrogen carbonate, NaHC03, was used as a buffer. To achieve any 
degree of control of particle size (d < 200 nm) and the particle size distribution 
(polydispersity < 0.15), high levels of initiator were required. This, in turn, meant higher 
levels of buffer and increased the ionic strength of the system. The higher ionic strength 
lead to a decrease in stability. 
Seeded Polymerisations Using Emulsifier 
Two emulsifiers, sodium dodecylbenzenesulphonate (SDBS) and Aerosol OT-75 
(sodium dioctylsulphosuccinate), were used. SDBS was used for the synthesis of particles 
aiming for a two-layer morphology and Aerosol OT-75 for particles with a three-layer 
morphology. See Figure 4.28. The two-layer morphology consisted of a large rubbery 
core ofPnBA and a thin shell of PM MA. The three-layered system had a small glassy core 
of PMMA, a thick rubbery layer of PnBA and a thin outer shell of PMMA. See Figure 
4.28. 
.PnBA 
Figure 4.28: Target Core-Shell Morphologies 
Emulsion Polymerisations using SDBS as Emulsifier 
Two-layer particles were grown from an aliquot, typically 30 to 40 cm3, of a seed 
latex with a particle diameter of 123 nm. Initially, soapless conditions were used. That is, 
the growth of the rubbery core and the subsequent growth of the glassy shell were 
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attempted without the further addition of emulsifier. APS was used as the initiator at 70 or 
80 QC. A redox initiating system, potassium persulphate and sodium metabisulphite, was 
used for the final stage, a I: I comonomeric feed of MMA and GMA. This final addition 
was carried out at temperatures between 25 and 40 QC. Poor colloidal stability resulted at 
all temperatures and the latices crashed prior to the complete addtion of the final feed. 
This seeded, soap less technique gave a rubbery core diameter of - 220 nm after 
seed growth with nBA. Addition of MMA to give a glassy shell (37 wt% of total 
monomer) produced a bimodal particle size distribution. The presence of particles detected 
with diameters around 450 nm indicated some coalescence had occurred. The instability of 
the latices could be due to the high ionic strength imparted to the polymerisation system by 
the redox initiator or interparticle crosslinking due to the epoxy function. 
The polymerisation was repeated with increasing concentration of emulsifier 
(SDBS) for the final two stages. No evidence for bimodal particle size distributions was 
seen when emulsifier was used. Polymerisations using both a redox initiating system, as 
before, and those using only persulphate as initiator at 70 QC for the final addition, all 
proved to be unstable. It follows, that crosslinking of the particles due to the ring-opening 
of the epoxy function even under redox, low temperature, conditions seems to destabilise 
the latices and cause them to crash. 
Polymerisations using Aerosol OT-75 as Emulsifier 
Aerosol OT-75 was used to prepare a glassy seed of PMMA with a particle 
diameter of 67 nm. 
This seed was then grown, first with nBA and then with MMA to the desired 
particle size. Stability problems still occurred during the final stage, the addition of a 
50:50 GMA/MMA comonomeric feed, with both thermal and redox initiating systems. 
Conversion of this final stage was typically between 50 to 60 %. 
4.4.3.2 Surface Functionality 
When using KPS as initiator at 70 or 80 QC for the final comonomeric feed, the 
levels of epoxy groups in the products were all very low. The use of the redox systeml44, 
5MBS with KPS, catalysed by FeS04 and using CBr4 as a chain transfer agent produced a 
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latex (RJSI-114) where 43 % of the epoxy functionality was retained. This gave an overall 
GMA content of 7 %. By using starve feed techniques to produce these epoxy functional 
latices and adding GMA only in the final stages ofthe emulsion polymerisation, it is likely 
that the epoxy functions are retained at or near to the surface of the particle. Particle sizing 
of this product proved impossible as the latex crashed on cooling. The overall conversion 
of the final stage was 97 %. 
4.4.3.3 Characterisation of Particles Using DSC 
Differential scanning calorimetry, DSC, was performed on a number of samples to 
investigate the morphology of the emulsion particles. The results were not readily 
interpreted in terms of the aimed-for morphologies and are summarised below in Table 
4.12 
Table 4.12: Summary of DSC Results for Selected Samples 
Sample Tg/'C Tgl'C TgiOC Tg./oC 
PGMAa 83 
PGMNPMMAb 105 
PMMA-NH2
c 136 
RJSI-66d -46 12 115 
RJSI-9ge -43 13 119 
RJSI-IIOe -41 7 80 118 
RJSl-114e -41 105 
RJSl-124 f -60 7 70 120 
a) Homopolymerisation of GMA under redox conditions 
b) 50:50 copolymerisation of GMA/MMA under redox conditions 
c) Synthesized by anionic polymerisation giving high syndiotacticity 
d) "Two layer" particle 
e) "Three layer" particle 
f) "Three-layer" particle with grafted arms 
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All the samples show a glass transition around _40°C. This is rather high for a pure 
PnBA phase with only I wt % crosslinker. Linear PnBA has a glass transition of -60 °Cl78. 
The samples also show a glass transition between 105 and 119°C. Again, this is higher 
than might be expected for a lightly crosslinked PMMA phase (the Tg of amorphous 
atactic PMMA is 105 °C 178). The results suggest that there is some component mixing 
within the particles and there is no conclusive evidence for a core-shell structure. 
4.4.3.4 Grafting ofPMMA-NHz onto Epoxidised Particles 
The reaction was again modelled by the reaction of the epoxy functionalised 
particles (from sample RJSI-1l4) with 4-aminobenzophenone, using a lOO % excess of 
epoxy functions and similar conditions to the grafting of epoxidised rubber. Free 
aminobenzophenone could not be detected by FTIR spectroscopy after several hours. 
The grafting of PMMA-NHz onto epoxy functionaIised particles was attempted 
using five mole percent of PMMA-NHz to epoxy functions. This meant 4.22 g of PMMA-
NHz with 109 of particles. The reaction conditions were as for the grafting of PMMA-
NHz onto epoxidised natural rubber. After 72 hours reflux in cyclohexanone, the reaction 
mixture was cooled and the polymeric material collected by precipitation into water. After 
drying to constant weight, a sample of the material was extracted with acetone. Free 
PMMA was collected corresponding to 16 % of the total PMMA-NHz added. When this 
extraction was repeated for a sample of non-grafted epoxy functionalised particles, no free 
PMMA was collected. 
DSC Evaluation of Grafted Particles 
Sample RJS 1-114 was the particle that PMMA-NHz was grafted onto. It has been 
shown by titration to contain relatively high levels of epoxy function. The DSC trace was 
similar to other "three-layer" particles. The glass transition at -41°C possibly represents a 
phase rich in lightly cross linked PnBA. The transition at higher temperature, thought to 
represent a crosslinked PMMA phase, is lower than for other samples at 105°C. See 
Figure 4.29 a. 
After grafting was attempted on to RJS 1-114 particles the product was extracted 
with acetone and then investigated by DSC. This is sample RJS 1-124. All the major 
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transitions now appear at lower temperature. This is unfortunate and probably due to 
residual solvent still present in the sample acting as a plasticiser. Taking into account this 
plasticising effect, the morphology is still signifcantly different. The high temperature of 
the grafting reaction in cyclohexanone, 155 DC, has probably induced further mixing. 
There is, however, a new higher temperature transition at 120 DC. This transition could 
represent the presence of the surface-grafted PMMA. Again, the Tg was reduced due to 
the plastisizing effect of residual solvent. As for the rubber system, it is not possible to 
determine if this represents a mixture of the particles and the PMMA-NH2 or a truly 
grafted system. DSC traces of samples RJSI-114 and RJSI-124 are shown in Figures 4.29 
a and 4.29 b. 
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5.1 Anionic Polymerisation 
An experimental technique has been developed that enables the reliable synthesis of 
poly(methyl methacrylate) via a living anionic polymerisation methodology. It allows the 
production of a polymer with a well targeted molecular weight and a narrow molecular 
weight distribution. The initiating system is an adduct of n-butyllithium and 1,1-
diphenylethylene. Lithium chloride is used as an additive to stabilise the growing anionic 
chain-end during propagation. 
5.1.1 Functional Termination 
Functional termination has been performed successfully with two terminating 
agents; 4-nitrobenzoyl chloride and 4-nitrobenzyl bromide. The degree of functionality has 
varied, however. Up to a maximum of 85 % functionally terminated polymer has been 
achieved. 
5.1.1.1 Characterisation 
Characterisation of functionally terminated polymers has been by GPC, IH and 13C 
NMR spectroscopy and MALDI-MS. 
GPC, IH NMR spectroscopy and MALDI mass spectrometry have given consistent 
molecular weight data. The combined use of IH NMR spectroscopy and MALDI mass 
spectrometry has established the degree of functionality and has allowed the identification 
of a range of end-groups that result from a synthesis of this type. l3C NMR spectroscopy 
has established that addition of the benzoyl and benzyl end-groups to the ambident chain-
end enolate anion is via a C-benzoylationlbenzylation route rather than an 0- benzoylationl 
benzylation route. 
5.1.1.2 Selective Reduction ofNitro Functionalised PMMA 
High temperature selective hydrogenation reactions in DMF produced a dramatic 
loss of functionality from nitro to amino functional PMMA. The nitrobenzoyl and, to a 
lesser extent, nitrobenzyl functional polymers were found to be thermally unstable. Model 
room temperature reactions established possible routes to low temperature reduction of the 
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nitro functional polymers. Transferral of these techniques to the functional polymers, 
however, again, produced an overall loss of functionality. The instability of the benzoyl 
and benzyl functional polymers is a surprising, and as yet unexplained, result. 
5.1.2 Functional Initiation 
A derivative of I, I-diphenylethylene containing an amme group, 1-(4-
aminophenyl)-I-phenylethylene, APPE, was synthesized and characterised by IH NMR 
spectroscopy. The amine group was protected by formation of an imine with 
benzophenone 1-( 4-benzophenone iminophenyl)-I-phenylethylene, B1PPE, characterised 
by IH and I3C NMR spectroscopy. BIPPE was then used, in conjunction with n-
butyllithium, to form the 1-( 4-benzophenone iminophenyl)-I-phenylhexyllithium, 
B1PPHL, initiator used for the anionic polymerisation of methyl methacrylate. 
The polymeric products had a bimodal molecular weight distribution, by OPC, due 
to a high molecular weight impurity. This impurity possibly resulted from the 
polymerisation of methyl methacrylate initiated by a nitrogen anion. This anion is formed 
by a side reaction of nBuLi at the imine group of B1PPE during the fonnation of BIPPHL. 
FTIR spectroscopy studies of the reaction of nBuLi and tBuLi with BIPPE confirmed the 
production of a secondary amine in both cases, indicating the reaction at the imine group. 
Fractional precipitation removed the high molecular weight impurity and mild acid 
catalysed hydrolysis gave the 6-(4-aminophenyl)-6-phenylhexyl-ended poly(methyl 
methacrylate. 
5.2 Grafting Reactions of Amine Functionalised PMMA 
5.2.1 Epoxidised Natural Rubber 
PMMA-NH2 was reacted with ENR. No PMMA homopolymer was isolated by 
extraction of the product. DSC experiments following extraction showed the presence of 
PMMA in the rubber and indicate the possibility of the graft copolymer as the product of 
the reaction. Further chemical characterisation was difficult due to the insolubility of the 
rubber. 
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5.2.2 Styrene-Maleic Anhydride Copolymer 
The reaction of PMMA-NH2 with SMA32 was first modelled by reaction of 
aminoacetophenone and SMA32. Complete conversion of amine to imide resulted, as 
confirmed by 'H NMR spectroscopy. PMMA-NH2 was then reacted with SMA32 under 
similar conditions. Characterisation was achieved by GPC, the production of a high 
molecular weight material was taken as confirmation of the grafting of PMMA on to 
SMA32. 
5.2.3 Epoxidised Emulsion Particles 
Emulsion particles with a surface epoxy functionality were synthesised. From DSC 
results, there is no conclusive evidence for a non-homogeneous core-shell morphology. 
Reaction with PMMA-NH2 was carried out in a high boiling solvent. Unfortunately, the 
solvent proved difficult to remove from the particles. The residual solvent had a 
plasticising effect on the product and the results from DSC were inconclusive. The 
morphology seems to have altered during the grafting reaction. Results following 
extraction of the product show the presence of a component thought to be the functional 
PMMA. 
5.3 Project Objectives 
The synthetic goal of the project was the production of acrylic core-shell rubber 
toughening particles with surface grafted "arms" of PMMA. The arms were to be of 
known molecular weight and narrow polydispersity in order to allow the future study of 
how arm length and graft density effect the compatibilisation of the particles in a PMMA 
matrix. 
Amine Functionalised PMMA arms have been synthesised by an amomc 
polymerisation methadology and following their use to graft onto epoxidised natural rubber 
and a styrene-maleic anhydride copolymer, grafting onto epoxy surface-functionalised 
latex particles was attempted. The use of a high boiling solvent for this process made the 
characterisation of the grafted particles difficult. It is believed, however, that DSC results 
suggested the presence of the PMMA arms in the sample of grafted particles following 
extraction. These results cannot confirm whether or not the arms are grafted to the 
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polymer surface. 
5.4 Publications 
I. End Functionalisation ofPoly(methyl methacrylate) via Living Anionic 
~olymerisation; Southward RJ., Lindsay C.l., McGrail P.T., Hourston D.l.; Polymer 
Preprints, 37, No. 2, 7\0 (1996); Abstracts of the American Chemical Society, 212, 
No.2, 387 (1996) 
2. Characterisation of End Functionalised Poly(methyl methacrylate) Synthesised by 
Living Anionic Polymerisation; Southward R.l.; Abstracts of the American Chemical 
Society, 212, No.2, 310 (1996) 
3. Nitroaryl and Aminoaryl End-Functional Poly(methyl methacrylate) via Living 
Anionic Polymerisation: Synthesis and Stability; Southward RJ., Lindsay C.l., Didier 
Y., McGrail P.T., Hourston DJ.; ACS Symposium Series, in press. 
4. Aminoaryl End-Functional Poly(methylmethacrylate) via Living Anionic 
Polymerisation: Synthesis and Use of Functional Initiators: under preparation 
5.5 Future Work 
5.5.1 Functional Termination 
The anionic polymerisation methodology used here has proved an excellent route 
for the production of polymers with well targeted molecular weight and narrow molecular 
weight distributions. Using a terminating agent, high nitro functionality has been achieved, 
but poor conversion to amine has resulted. Further investigation into the use of a protected 
amine functional terminating agent could produce polymers with excellent control of 
molecular weight characteristics and allow the incorporation of high amine functionality. 
5.5.2 Graft Copolymers 
A good way to further characterise the products from the attempted grafting 
reactions would be to use them as possible compatibilisers in blends or IPNs of the parent 
homopolymers. Any changes in morphology due to a compatibilisation caused by their 
incorporation, could be indicative of the graft copolymer. 
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Blending samples of "surface-grafted" particles into a PMMA matrix could indicate 
if grafting has occurred or not. Comparison with a blend of an equivalent, ungrafted 
sample of particles mayor may not show improved compatibilisation. 
Research is being carried out at I.P.T.M.E. on PMMNENR lPNs, the use of a 
ENR-g-PMMA graft copolymer as a possible compatibilisor will be investigated. 
PMMA-NH2, produced at the l.P.T.M.E. and "grafted" to SMA32, is currently 
being investigated by ICI Materials as a possible compatibiliser for PSIPMMA blends. It 
is hoped that a deuterated PMMA-NH2 will be used to graft to SMA32 by reactive 
blending in an extruder. PSIPMMA blends using this deuterated compatibiliser will then 
be studied by neutron scattering. This may give information on the distribution of the graft 
copolymer within the blend. 
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1.1 Anionic Polymerisation 
1.1.1 Unfunctionalised Poly(methyl methacrylate) Mncalc= 55 000 
(RJS-OI) 
Into a three-necked 250 cm3 round bottomed flask, under nitrogen, equipped with a 
pressure-equilibrating dropping funnel, a nitrogen/vacuum inlet, a rubber septum and 
magnetic stirrer was charged, by syringe, 40 cm3 of dried THF and 0.20 cm3 (3.12 x 104 
mol) t-butyllithium, tBuLi. The solution was then cooled to -78°C using a dry-ice/acetone 
bath. Into the dropping funnel was charged, by syringe, 20 cm3 (0.187 mol) MMA which 
was added dropwise over a period of 15-20 minutes. The temperature of the reaction 
mixture was monitored using a thermocouple. The reaction solution was left for an hour to 
ensure complete reaction. Termination was carried out by adding 5 cm3 of methanol. 
After warming to room temperature, the solution was transferred to a dropping funnel and 
dropped slowly into one litre of acidified (5 % HCI) methanol with vigorous stirring. 
Filtration was done using a sintered glass funnel. The polymer was washed with methanol 
(2 x 100cm3) and left on the filter for two hours before transferring to a vacuum oven to be 
dried over-night, under vacuum, at 50°C. The samples were sent for OPC and NMR 
analysis. 
Yield = 12.55 g (63 %). MwlMn> 2, 66 % syndiotactic 
1.1.2 ro-NHr Poly(methyl methacrylate) Mncalc= 20 000, by Functional Termination 
(RJS-02) 
The general method was as before, except 100 cm3 ofTHF and 0.55 cm3 (9.35 x 10' 
4 mol) tBuLi in solution were used. Termination was carried out using a ten-fold excess of 
p-chloroaniline (1.192 g, 9.35 x 10.3 mol), previously dried under vacuum at 50°C over-
night and dissolved in minimum THF. Isolation of the polymer was as before. The 
samples were sent for OPC and NMR analysis. 
Yield = 12.76 g (64 %). MwlMn >2,69 % syndiotactic, 0 % functionality 
A4 
Appendix A: Experimental Detail 
1.1.3 m-NHz- Poly{methyl methacrylate) Mncalc= 5 000, by Functional Termination 
(RJS-03) 
The general method was as above, except 300 cm3 ofTHF and 2.2 cm3 (3.74 x 10-3 
mol) of tBuLi in solution were used. Again, termination was carried out using a ten-fold 
excess of p-chloroaniline (4.77 g, 3.74 x 10-2 mol). The solution was reduced at the 
rotavapor prior to the usual isolation of the polymer. The sample was sent for GPC and 
NMR analysis. 
Yield = 18.08 g (80 %). MwlMn >2,68 % syndiotactic, 0 % functionality 
1.1.4 m-NHz- Poly{methyl methacrylate) Mncalc= 1 000, by Functional Termination 
(RJS-04) 
The general method was as above. 300cm3 THF, 11 cm3 (0.0187 mol) tBuLi in 
solution and 23g (0.180 mol) p-chloroaniline were used. Isolation of the polymer was as 
before. The sample was sent for GPC and NMR analysis. 
Yield = 14.69 g (79 %). MwlMn >2, 66 % syndiotactic, 0 % functionality 
1.1.5 m-NOz- Poly{methyl methacrylate) Mncalc= 1 000, by Functional Termination 
(RJS-05) 
General method as above, but 300 cm3 THF, 5.5 cm3 (9.35 x 10-3 mol) tBuLi in 
solution and only 10 cm3 (0.0935 mol) MMA were used. Termination was achieved using 
a five-fold excess of p-nitrobenzoylchloride (8.68 g, 0.04675 mol) which had been pre-
dried under vacuum at 50 QC and dissolved in minimum dry THF. Polymer isolation was 
as before. The sample was sent for GPC and NMR analysis. 
Yield = 15.65 g (77 %). MnlMw = 2,66 % syndiotactic, 0 % functionality 
1.1.6 DPE Initiated Poly{methyl methacrylate) Mncalc= 20 000 
(RJS-08) 
Into a 500 cm3, three-necked, round bottomed flask, under nitrogen, equipped with 
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a pressure-equilibrating dropping funnel, a nitrogen/vacuum inlet, a rubber septum and 
magnetic stirrer was charged, by syringe, 250 cm3 of dried THF. The solvent was then 
cooled to -78°C using an acetone/dry-ice bath. 2.9 cm3 n-butyllithium, nBuLi, (1.6M 
solution in hexanes, 4.675 x 10-3 mol) and 0.825 cm3 (4.675 x 10-3 mol) of 1,1-
diphenylethylene, previously degassed and stored over 4A molecular sieves, was then 
added by syringe. This gave a deep red colour. The solution was left to stir for one hour, 
after which 10 cm3 (0.0935 mol) MMA was added dropwise, the red colour disappearing 
immediately upon addition of the first few drops. The reaction temperature was monitored 
using a thermocouple. After complete addition, the solution was stirred for one hour. 
Polymer isolation was as before. The sample was sent for GPC and NMR analysis. 
Yield = 14.47 g (77 %) MnlMw = 1.6,79 % syndiotactic, 0 % functionality 
1.1.7 DPE Initiated Poly(methyl methacrylate) Mn,al,= 10 000 
(RJSI-20) 
A 250 cm3, three-necked, round bottomed flask, equipped with a pressure-
equilibrating dropping funnel, a nitrogen/vacuum inlet, a rubber septurn and magnetic 
stirrer was evacuated, flame dried and charged with dry nitrogen. This cycle was repeated 
three times to ensure complete dryness and an oxygen free atmosphere. 0.6 g (0.014 mol) 
Lithium chloride, LiCI, was charged and 40 cm3 of dry THF added by syringe. Three 
drops of I, I-diphenylethylene, previously vacuum distilled from 0.05 equivalents of 
nBuLi, were added to give a colourless solution. nBuLi was then added dropwise with 
vigorous stirring until a pale red colour persisted, indicating that all impurities in the 
solvent were destroyed. 0.255 cm3 (1.403 x 10-3 mol) diphenylethylene and 0.9 cm3 (1.403 
x 10-3 mol) nBuLi were then added. A deep red colour was evident. The solution was 
stirred for one hour at room temperature before being cooled to _78°C. 10 cm3 (0.0935 
mol) MMA, previously distilled from triethyl-aluminium, was then added dropwise and the 
solution was stirred for a further hour. Polymer isolation was as before. 
Yield = 4.63 g (50 %), MwlMn = 1.1,79 % syndiotacticity 
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1.1.8 OPE Initiated Poly(methyl methacrylate) Mncalc= 5 000 
(RJSI-2I) 
The general method was as above, except 1.2 cm3 (1.92 x 10-3 mol) nBuLi and 0.34 
cm3 (1.925 x 10-3 mol) of I,I-diphenylethylene were added. 
Yield = 5.36 g (57 %), MnlMw = 1.1,75 % syndiotactic 
1.1.9 OPE Initiated Poly(methyl methacrylate) Mncalc= 20 000 
(RJSI-22) 
The general method was as above, except 0.45 cm3 (7.003xI0-4 mol) nBuLi and 
0.13 cm3 (7.003xlO-4 mol) of l,l-diphenylethylene were added. 
Yield = 7.35 g (79 %), MnlMw = 1.2,78 % syndiotactic 
1.1.10 OPE Initiated Poly(methyl methacrylate) Mncalc= 5 000 
(RJSI-30) 
The general method was as above, except 1.2 cm3 (1.92 x 10-3 mol) nBuLi and 0.34 
cm3 (1.925 x 10-3 mol) of 1,I-diphenylethylene were added. MMA was purified by 
distillation from a solution of TEAl in toluene. 
Yield = 8.36 g (89 %), MnlMw= 1.1,78 % syndiotactic 
1.2 Functional Termination 
All the following polymers were synthesised using the above polymerisation 
procedure. Termination of the polymerisation was attempted using functional terminating 
agents, 4-nitrobenzoylchloride or 4-nitrobenzylbromide. 
1.2.1 NitrobenzoyJ Terminated PMMA, Mncalc = 2 500 
(RJSI-32) 
Here, 3.74 x 10-3 mol ofDPE and nBuLi were used. After complete addition of 10 
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cm
3 
of MMA (0.0935 mol), the polymer solution was stirred for one hour. A two-fold 
molar excess of 4-nitrobenzoylchloride, dissolved in minimum THF, was then added. 
Stirring was continued for one hour. The reaction was then allowed to warm to room 
temperature. Polymer isolation was as before. 
Yield = 8.24 g (88 %), MnlMw = 1.3, functionality - very low 
1.2.2 NitrobenzoyJ Terminated PMMA, Mncalc = 2 500 
(RJSl-33) 
The conditions were similar to RJSI-32, except a five-fold molar excess of 4-
nitrobenzoylchloride was used. 
Yield = 8.69 g (93 %), MnlMw = 1.4, functionality - very low 
1.2.3 NitrobenzoyJ Terminated PMMA, Mncslc = 10 000 
(RJSl-34) 
The general method was as before. Here, the reaction was scaled up to use 30 cm3 
of MM A (0.2805 moles), therefore 100 cm3 ofTHF was used. 2.805 x 10.3 moles ofDPE 
and nBuLi were used. After addition of a five-molar excess of 4-nitrobenzoylchloride, the 
cooling bath was topped up and insulated. The reaction was then left to stir overnight. 
Yield = 25.94 g (92 %), MnlMw = J.l, functionality - 82 % 
1.2.4 NitrobenzoyJ Terminated PMMA, Mncslc = 5 000 
(RJSl-38) 
Again, this polymerisation was carried out on a 30g scale. 5.61 x 10.3 moles of 
DPE and nBuLi were used. During the polymerisation process, the solution became too 
viscous and stirring was lost. Termination was carried out with a two-fold excess of 4-
nitrobenzoylchloride. 
Yield = 23.67 g (84 %), MnlMw = 1.3, functionality - 67 % 
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1.2.5 Nitrobenzoyl Terminated PMMA, Mn"le = 20 000 
(RJSI-39) 
Here 150 cm3 of THF were used and 30 cm3 of MMA. 1.403 x 10-3 moles of OPE 
and nBuLi were used. A five-fold molar excess of 4-nitrobenzoylchloride was used. 
Yield = 26.05 g (94 %), MnlMw = 1.3, functionality - 80 % 
1.2.6 Nitrobenzoyl Terminated PMMA, Mneale = 2 000 
(RJSI-40) 
100 cm3 ofTHF, 30 cm3 of MM A and 1.403 x 10-2 moles of OPE and nBuLi were 
used_ Stirring was lost prior to addition of 4-nitrobenzoylchloride. 
Yield = 24.05 g (86 %), MnlMw = 1.1, functionality - 56 % 
1.2.7 Nitrobenzoyl Terminated PMMA, Mneale = SO 000 
(RJSI-42) 
150 cm3 ofTHF, 30 cm3 ofMMA and 5.61 x 10-4 moles of OPE and nBuLi were 
used_ Stirring was lost during the addition of 4-nitrobenzoylchloride. 
Yield = 25_67 g (91 %), MnlMw = 1.1, functionality - v.low 
1.2.8 Nitrobenzoyl Terminated PMMA, Mne.1e = 150 000 
(RJSI-43) 
150 cm3 ofTHF, 30 cm3 of MM A and 1.87 x 10-4 moles of OPE and nBuLi were 
used. No polymerisation, initiator killed. 
1.2.9 Nitrobenzoyl Terminated PMMA, Mneale = SO 000 
(RJSI-45) 
150 cm3 of THF, 30 cm3 of MMA and 5.61 x 10-4 moles of DPE and nBuLi were 
used. Here, the reaction was stirred using a mechanical stirrer rather than a magnetic 
follower. 4-Nitrobenzoylchloride was added as a five-fold molar excess. 
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Yield = 25.32 g (90 %), Mn/Mw = 1.2, functionality - 60 % 
1.2.10 Nitrobenzoyl Terminated PMMA, Mn .. l, = 4 000 
(RJSI-51) 
ISO cm3 ofTHF, 24 cm3 of MMA and 5.61 x 10-4 moles of OPE and nBuLi were 
used. Again, the reaction was stirred using a mechanical stirrer. 4-Nitrobenzoylchloride 
was added as a two-fold molar excess. 
Yield = 26.32 g (94 %), Mn/Mw = 1.1, functionality -78 % 
1.2.11 Nitrobenzoyl Terminated PMMA, Mn .. 1c = 20 000 
(RJSI-52) 
ISO cm3 ofTHF, 30 cm) ofMMA and 1.403 x 10-2 moles of OPE and nBuLi were 
used. The reaction was stirred using a mechanical stirrer. 4-Nitrobenzoylchloride was 
added as a five-fold molar excess. 
Yield = 21.37 g (76 %), MnlMw = 1.2, functionality - 23 % 
1.2.12 Nitrobenzoyl Terminated PMMA, Mn .. 1c = 100 000 
(RJSI-53) 
ISO cm3 ofTHF, 30 cm3 ofMMA and 2.805 x 10-4 moles of OPE and nBuLi were 
used_ The reaction was stirred using a mechanical stirrer. 4-Nitrobenzoylchloride was 
added as a five-fold molar excess. 
Yield = 22.09 g (79 %), MnlMw = 1.4, functionality - 50 % 
1.2.13 Nitrobenzyl Terminated PMMA, Mn .. 1c = 5 000 
(RJSI-62) 
ISO cm3 of THF, 30 cm3 of MMA and 5.61 x 10-3 moles of OPE and nBuLi were 
used. The reaction was stirred using a mechanical stirrer. 4-Nitrobenzylbromide was 
added as a two-fold molar excess_ 
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Yield = 26.85 g (92 %), Mn/Mw = 1.0, functionality - 82 % 
1.2.14 Nitrobenzyl Terminated PMMA, MnCD1C = 2 000 
(RJSI-65) 
150 cm3 ofTHF, 30 cm3 ofMMA and 1.403 x 10-2 moles ofDPE and nBuLi were 
used. The reaction was stirred using a mechanical stirrer. 4-Nitrobenzylbromide was 
added as a two-fold molar excess. 
Yield = 26.02 g (89 %), MnlMw = 1.0, functionality - 80 % 
1.3 Selective Reduction of co-Nitroaryl Functional PMMA 
1.3.1 Reduction of 4-Nitrobenzoylchloride Terminated PMMA 
(RJSI-41) 
Into a 50 cm3 round bottomed flask equipped with a magnetic follower, reflux 
condenser and nitrogen inlet was charged 25 cm3 of dimethylformamide, DMF, 5 g of 
nitrobenzoyl terminated PMMA (sample RJSI-34, Mn = 9 500, nitro functionality = 82 
%), 6 cm3 of cyclohexene and 0.6 g (0.1 mole equivalents to polymer) of palladium on 
activated charcoal (10 wt % loading). The reaction was refluxed (153 QC), under nitrogen, 
for 18 hours. The palladium on charcoal catalyst was removed by filtration on sintered 
glass using a filter agent (Celite 521, Aldrich). The polymer was isolated by precipitation 
into methanol, followed by filtration and drying in a vacuum oven at 50 QC overnight. 
Nitro functionality = 0 %, amine functionality = 45 %, Mo = 9 600 
1.3.2 Reduction of 4-Nitrobenzoylchloride Terminated PMMA 
(RJSI-44) 
The general method was as before. The reaction was not heated to reflux but kept 
at 140 QC. Samples were taken at 2, 4 and 6 hours. 
Nitro functionality = 0 %, amine functionality = 32 %, Mn = 9 600_ 
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1.3.3 Reduction of 4-Nitrobenzoylcbloride Terminated PMMA 
(RJSI-49a) 
Into a 50 cm3 round bottomed flask equipped with a magnetic follower, reflux 
condenser and nitrogen inlet was charged 20 cm3 of toluene, 3 g of nitrobenzoyl terminated 
PMMA (sample RJSI-38, Mn = 5 400, nitro functionality = 67 %), 6 cm3 of cyclohexene 
and 0.4 g (0.1 mole equivalents to polymer) of palladiwn on activated charcoal (10 wt % 
loading). The reaction was refluxed (116°C), under nitrogen, for 5 hours. The palladiwn 
on charcoal catalyst was removed by filtration on sintered glass using a filter agent (Celite 
521, Aldrich). The polymer was isolated by precipitation into methanol, followed by 
filtration and drying in a vacuwn oven at 50°C overnight. 
Nitro functionality = 67 %, amine functionality = 0 %, Mn = 5 500 
1.3.4 Reduction of 4-Nitrobenzoylchloride Terminated PMMA 
(RJSI-49b) 
Into a 50 cm3 round bottomed flask equipped with a magnetic follower, reflux 
condenser and nitrogen inlet was charged 20 cm3 of DMF, 3 g of nitrobenzoyl terminated 
PMMA (sample RJSI-38, Mn = 5 400, nitro functionality = 67 %), 6 cm3 of cyclohexene 
and 0.4 g (0.1 mole equivalents to polymer) of palladiwn on activated charcoal (10 wt % 
loading). The reaction was refluxed (153°C), under nitrogen, for 5 hours. The palladium 
on charcoal catalyst was removed by filtration on sintered glass using a filter agent (Celite 
521, Aldrich). The polymer was isolated by precipitation into methanol, followed by 
filtration and drying in a vacuwn oven at 50°C overnight. 
Nitro functionality = 0 %, amine functionality = 25 %, Mn = 5 500 
1.4 Synthesis of Functional Initiators 
1.4.1 Attempted Synthesis of Protected 3-Aminobenzyl Alcohol 
(RJS-06) 
A 250 cm3, three-necked, round bottomed flask equipped with nitrogen inlet, Dean 
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and Stark condenser and an air driven stirrer was charged with 8.02 g (0.065 mol) m-
aminobenzyl alcohol, 13.12 g (0.072 mol) benzophenone and 0.1 g (5.26 x 10-4 mol) p-
toluenesulphonic acid monohydrate. The solution was refluxed for 72 hours. The solvent 
was removed at the rotavapor to give a yellow solid. Recrystallisation was attempted using 
ether/methanol. This was not altogether successful. Tosylation was carried out on the 
crude solid in a two necked 250 cm3 round bottomed flask, equipped with a calcium 
chloride drying tube. 150 cm3 of chloroform was added to the flask and cooled to 0 °c 
using an ice-bath. 11.90 g (0.0414 mol) crude product and two equivalents (4.47 g, 0.828 
mol) of sodium methoxide were then added. The solution was left to stir for two hours. 
11.80 cm3 (0.0621 mol) tosylchloride was then added dropwise, ensuring that the 
temperature did not exceed 0 °C. The solution was left to stir for a further three hours after 
which it was filtered and the solvent removed at the rotavapor. No product was isolated. 
1.4.2 Wittig Synthesis of 1-( 4-nitrophenyl)-I-phenylethylene 
(RJS-07) 
Formation of the Phosphonium Salt 
Into a two-necked 250 cm3 round bottomed flask equipped with a reflux condenser 
was charged 100 cm3 chloroform, 15.74 g (0.06 mol) triphenylphosphine and 8.52 g (0.06 
mol) iodomethane, MeI, (all as supplied, Aldrich). The solution was refluxed for two 
hours, after which the solvent was reduced at the rotavapor. 150 cm3 of petroleum ether 
was then added, where upon a white precipitate was formed. Recrystallisation was from 
petroleum ether/methanol (20: I). After washing with hexane (2 x 100 cm\ the crystals 
were left to dry on the filter for two hours prior to drying in a vacuum oven at 50°C 
overnight. 
Yield = 23.34 g (96 %) 
Formation of 1-(4-nitrophenyl)-1-phenylethylene 
Into a two-necked 100 cm3 round bottomed flask equipped with magnetic stirrer 
was charged 32 cm3 (0.0448 mol) methyllithium, MeLi, (J.4M solution in diethylether, 
Aldrich). The solution was cooled to 0 °c and 17.79 g (0.044 mol) 
methyltriphenylphosphonium-iodide salt, MePh3PI, added and left to stir for one hour. 1 0 g 
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(0.044 mol) 4-nitrobenzophenone was then added (dissolved in minimum dry THF) and the 
solution was stirred overnight. The solvent was then removed at the rotavapor and the 
residue dissolved in minimum methylene chloride. This solution was dropped into a ten-
fold excess of toluene to give a black precipitate and a highly coloured orange/red solution. 
The solvent was reduced at the rotavapor and put onto a column (silica gel 60 mesh). 
Using toluene as eluent gave the product in the first fraction. The solvent was removed 
and the orange oil was distilled under vacuum (225 - 240 QC at 10 mmHg). The sample 
was sent for NMR analysis. 
Yield = 1.2 g, 12 %. 
1.4.3 Wittig Synthesis of 1-( 4-aminophenyl)-I-phenylethylene 
(RJSI-03) 
Formation of the methyltriphenylphosphoniumiodide salt was as before. Into a 250 
cm3 three-necked round bottomed flask, under nitrogen, equipped with condenser and 
drying tube (CaCI2), nitrogen inlet, pressure equilibrating dropping funnel and a rubber 
septum was charged 100 cm3 dry THF and 17.79 g (0.044 mol) 
methyltriphenylphosphonium-iodide. The solution was then cooled to OQC. 32 cm3 MeLi 
was added dropwise and the resulting brown solution was left to stir overnight. 8.68 g 
(0.044 mol) 4-aminobenzophenone, previously dissolved in 50 cm3 dry THF was then 
added, dropwise with cooling at 0 QC. After addition was complete, the solution was then 
refluxed for 24 hours. After cooling and filtering, the solvent was reduced at the rotavapor 
and then dropped into an excess of toluene (400 cm\ This solution was then filtered and 
reduced at the rotavapor. The resulting oil was put onto a column (silica gel, 60 mesh) 
using toluene as eluent. The coloured fractions were collected and the solvent removed. 
The sample was sent for NMR analysis. No product was isolated. 
1.4.4 Grignard Synthesis of 1-(4-nitrophenyl)-I-phenylethylene 
(RJSI-04) 
Into a two-necked round bottomed flask, under nitrogen, equipped with reflux 
condenser, magnetic stirrer and pressure equilibrating dropping funnel was charged 1.22 g 
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(0.05 mol) magnesium turnings and I g MeI in 5 cm3 of dry ether. The mixture was 
warmed gently until it effervesced, and then 7.10 g (0.05 mol) MeI in 50 cm3 of dry ether 
was added dropwise. Effervescence became vigorous, so the solution was cooled in an ice 
bath and stirred for one hour until all bubbling had ceased. 109 (0.044 mol) 4-
aminobenzophenone in 100 cm3 of dry toluene was then added and the solution stirred for 
a further hour. 2.5 g ammonium chloride in 10 cm3 of water (saturated solution) was then 
added, the solid was filtered off and washed with 50 cm3 toluene. The filtrate was then 
reduced at the rotavapor to give an orange/red solid. This was placed in a 250 cm3 round 
bottomed flask and 100 cm3 of20 % orthophosphoric acid added and refluxed for an hour. 
Only a charred product was recovered. 
1.4.5 Grignard Synthesis of 1-(4-aminopheny\)-1-pheny\ethy\ene 
(RJS\-05) 
The general method was as above, except THF was used instead of ether and 109 
(0.051 mol) 4-aminobenzophenone instead of 4-nitrobenzophenone. Addition of the 
saturated ammonium chloride solution, filtering and reduction of the filtrate, resulted in 
only starting material being recovered. 
1.4.6 Grignard Synthesis of 1-(3-nitrophenyl)-1-phenylethylene 
(RJSI-06) 
Into a two-necked round bottomed flask, under nitrogen, equipped with reflux 
condenser, magnetic stirrer and pressure equilibrating dropping funnel was charged 18.33 
cm
3 (0.055 mol) phenylmagnesiumbromide, PhMgBr, (3.0 M solution in ether, Aldrich) 
and 8.26 g (0.055 mol) 3-nitroacetophenone dissolved in minimum THF. The solution was 
left to stir for an hour after which, 10 cm3 of saturated ammonium chloride was added. 
The ether layer was decanted off, combined with the filtrate and reduced at the rotavapor. 
To a sample of the crude oil product (4.0 g) was added 30 cm3 of 20 % sulphuric acid 
and the solution was refluxed for an hour. Only a charred product was recovered. The 
final stage was repeated using 30 cm3 of 50% acetic acid. Distillation of the product gave 
two fractions which were analysed by NMR spectroscopy. Neither fraction proved to 
contain the carbinol. 
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1.4.7 Grignard Synthesis of 1-(3-nitrophenyl)-I-phenylethylene 
(RJSI-07) 
Formation of the carbinol was as before, except a 50 % excess of PhMgBr was 
used. The redlbrown oil product (24.05 g) was sent for NMR analysis. 
(i) Dehydration of the Carbinol 1: Acid Dehydration (RJS1-07i) 
Into a 50 cm3 round bottomed flask, under nitrogen, equipped with magnetic stirrer 
and reflux condenser was charged 4.10 g of the oil and 10 cm3 of 20 % acetic acid solution. 
The reaction mixture was then heated to reflux. After an hour the now black solution was 
distilled and the two fractions collected were sent for NMR analysis. 
(ii) Dehydration of the Carbinol 2: Mesylation (RJS1-07ii) 
Into a 50 cm3 round bottomed flask, under nitrogen, equipped with magnetic stirrer 
and reflux condenser was charged 2.65 g of the oil and 5 cm3 of pyridine and stirred 
overnight. 0.93 cm3 of methane sulphonyl chloride was then added dropwise to the stirred 
solution. This was then left to stir overnight. The solution was then reduced at the 
rotavapor and the red oil product sent for NMR analysis. 
(iii) Dehydration of the Carbinol 3: Use of Phosphoryl Chloride, POCI3 (RJS1-
07iii) 
Into a 50 cm3 round bottomed flask, under nitrogen, equipped with magnetic stirrer 
and reflux condenser was charged 2.30 g of the oil and 5 cm3 of pyridine and stirred 
overnight. 0.91 cm3 of POCI3 was then added dropwise and the solution was left to stir for 
24 hours. 40 cm3 of water/ether (50:50) was then added and the separated ether layer was 
reduced at the rotavapor to give a red oil which was sent for NMR. 
1.4.8 Grignard Synthesis of 1-(4-aminophenyl)-lphenylethylene 
(RJSI-IO) 
The general method was as before, except a two-fold excess of PhMgBr was used. 
The oil product was purified by column chromatography and the coloured fractions were 
combined and reduced at the rotavapor. The samples were sent for NMR analysis. 
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1.4.9 Wittig Synthesis of 1-(4-aminophenyl)-I-phenylethylene 
(RJSI-II to 14) 
Into a two-necked round bottomed flask, under nitrogen and equipped with a reflux 
condenser, magnetic stirrer, nitrogen inlet and dropping funnel, was charged 100 cm3 of 
dry THF, 14.30 g (0.04 moles) methyltriphenylphosphoniumbromide (Aldrich) and 28.5 
cm3 (0.04 moles) MeLi solution dropwise at O°C. The solution was left to stir overnight. 
5.80 g (0.0294 moles) of 4-aminobenzophenone, previously dissolved in minimum THF, 
was added dropwise and the solution was left for a further 24 hours. 100 cm3 of 
ether/water (50:50) was added and the organic phase was extracted with two 40 cm3 
portions of ether. The solvent was reduced and the resulting oil was purified by column 
chromatography using toluene as the eluent. The coloured fractions were combined and 
the solvent removed to give a pale coloured solid. Purification by sublimation was 
attempted but was unsuccessful.. RecrystaIIisation from 60 - 80°C petroleum ether gave 
colourless crystals. These were sent for NMR analysis. 
Yield = 1.47 g, 25 % 
This synthesis was repeated on a larger scale (RJS 1-12 to 14) and consistently gave 
improved yields of around 62 %. 
1.4.10 Protection of 1-(4-aminophenyl)-I-phenylethylene 
Attempted Silyl Protection (R.JSl-15) 
Into a 50 cm3 round bottomed flask, under nitrogen, was charged 2 g (0.0102 mol) 
1-( 4-aminophenyl)-I-phenylethylene and 14.57 cm3 (0.0205 mol), two equivalents, of 
MeLi added dropwise at 0 °c. The solution was stirred overnight and 2.23 g (0.0205 mol) 
chlorotrimethylsilane was added and left to stir overnight. 10 cm3 of ether was then added 
and the organic layer was removed and reduced. Vacuum distillation of the oil product 
was attempted, but was unsuccessful. Column chromatography, using toluene as eluent 
produced a highly coloured fraction which was reduced and sent for NMR analysis. 
Imine Protection O/Model Compound (R.JSI-I6) 
The initial experiments were carried out using p-bromoaniline as a model 
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compound. Into a 250 cm3 two-necked round bottomed flask equipped with a dean and 
stark reflux condenser and nitrogen inlet was charged 100 cm3 of toluene, 2.0 g (11.6 
mrnol) p-bromoaniline, 2.43 g (12.70 mrnol) benzophenone and 0.05 g (0.25 mrnol) p-
toluenesulphonic acid monohydrate. The solution was refluxed for 24 hours after which 
t.l.c. showed there was imine product present, but also that starting material still remained. 
T.l.c. spots of the imine and benzophenone are very close together and will be difficult to 
separate on a column, using excess amine will aid separation of product from starting 
materials. 
Imine Protection Of Model Compound (R.JSl-17) 
Into a 250 cm3 two-necked round bottomed flask equipped with a dean and stark 
reflux condenser and nitrogen inlet was charged 150 cm3 of toluene, 2.0 g (11.6 mrnol) p-
bromoaniline, 1.922 g (l0.55 mrnol) benzophenone and 0.05 g (0.25 mrnol) p-
toluenesulphonic acid monohydrate. The solution was refluxed for 24 hours after which 
t.l.c. showed there was no benzophenone present in the reaction mixture. The solvent was 
removed and column chromatography on silica gel (240 - 400 mesh) was used to purify 
the crude product. No fraction was seen to contain benzophenone. 
Imine Protection of 1-(4-aminophenyl)-1-phenylethylene (R.JSl-18) 
Into a 100 cm3 two-necked round bottomed flask equipped with a dean and 
stark reflux condenser and nitrogen inlet was charged 50 cm3 of toluene, 2.0 g (10.45 
mmol) 1-(4-aminophenyl)-I-phenylethylene, 1.697 g (9.31 mmol) benzophenone and 0.05 
gp-toluene-sulphonic acid monohydrate. The solution was refluxed for 48 hours after 
which t.l.c. showed there was no benzophenone present in the reaction mixture. The 
solvent was removed and column chromatography on silica gel (240 - 400 mesh) was used 
to purify the crude product. All, bar the first fraction, were seen to contain traces of the 
amine due to hydrolysis occurring on the column. Some t.l.c. pure product obtained was 
sent for NMR analysis. 
Imine Protection of 1-(4-aminophenyl)-1-phenylethylene (RJSl-19) 
Into a 250 cm3 two-necked round bottomed flask equipped with reflux condenser 
and nitrogen inlet was charged 100 cm3 of toluene, 8.60 g (0.045 mol) 1-( 4-aminophenyl)-
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I-phenylethylene, 8.02 g (0.044 mol) benzophenone and 0.1 g p-toluenesulphonic acid 
monohydrate. The solution was refluxed for 48 hours. Due to hydrolysis ofthe product to 
amine on the silica gel column and silica t.l.c. plate, chromatography was carried out on 
alumina plates and using neutral activated alumina (240-400 mesh, Sigma Chemicals). 
I.l.c showed there was no benzophenone or amine present in the reaction mixture. The 
solvent was removed and column chromatography was used to purify the crude product. 
The product was recrystallised from 60-80 QC petroleum ether (spectroscopic grade, 
aromatics free, Fisons) and dried in the vacuum oven at 40 QC. Characterisation was by IH, 
I3C NMR and IR. The product shows to be the imine 1-[4-(Benzophenone imino)phenyl]-
I-phenylethylene, BIPPE. 
IH NMR: (CDCI3): liH- 5.32, 5.39 (2H, d, =CH2); 6.70, 6.68 and 7.74, 7.76 (4H, AA'XX', 
Ar-H); 7.13 to 7.47 15H, (m, Ar-H). 
13C NMR (CDCI3): liC- 113.2 (s, =CH2); 120 to 131 (14C, Ar-H); 136.21 (qC, ipso-Ar); 
139.6 (qC, ipso-Ar); 141.7 (2C, qC, ipso-Ar); 149.7 (qC, H2C=C(Ar)l); 150.8 (qC ipso-
Ar-N); 168.3 (qC, N=C(Ph)2). 
Phthalimide Protection of 1-( 4-aminophenyl)-1-phenylethylene (R.JS1-B1) 
Into a lOO cm3 two-necked round bottomed flask equipped with a dean and stark 
reflux condenser and nitrogen inlet was charged 50 cm3 of toluene, 0.78 g (3.99 x 10-3 mol) 
1-(4-aminophenyl)-I-phenylethylene, 0.67 g (3.99 x 10-3 mol) phthalic anhydride and 0.05 
g p-toluenesulphonic acid monohydrate. The solution was refluxed for 48 hours. By t.l.c. 
using toluene as eluent no starting material could be seen. After column chromatography 
and removal of solvent a white solid was isolated, 1-[4-(phthalimido)phenyl]-I-
phenylethylene, PIPPE. It was characterised by IH and 13C NMR and by FIIR. 
IH NMR (CDCI3): liH- 5.51, 5.52 (2H, d, =CH2); 7.34-7.49 (5H, rn, Ar-H); 7.79 (2H, m, 
Ar-H); 7.96 (2H, m, Ar-H). 
13C NMR (CDCI3): liC- 115.1 (s, =CH2); 123.8 (2C, s, Ar-H); 126.2 (2C, s, Ar-H); 127.9 
(s, Ar-H); 128.2 (2C, s, Ar-H); 128.3 (2C, s, Ar-H); 128.9 (2C, s, Ar-H); 131.1 (qC, s, 
ipso-Ar); 131.7 (2C, qC, s, ipso-Ar); 134.4 (2C, s, Ar-H); 141.0 and 141.2 (d, qC, ipso-
Ar); 149.2 (qC, s, H2C=C(Ar)2); 167.3 (qC, s, ipso-Ar-N); 224.9 (2C, qC, d, O=C). 
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I.S Functional Initiation 
1.5.1 a-N02- Poly Methyl methacrylate Mncalc= 5 000, Initiated by N02-DPE 
(RJS-09) 
The general method was as above, but after cooling to -78 QC 0.85 cm3 (1.36 x 10-3 
mol) nBuLi was added by syringe, followed by 0.3064 g (1.36 x 10-3 mol) of 1-(4-
nitrophenyl)-I-phenylethylene previously dissolved in 30 cm3 of dry THF over 4A 
molecular sieve overnight. A dark yellowlbrown colour was produced. The solution was 
stirred for one hour. 7.27 cm3 (0.068 mol) ofMMA was then added dropwise. No colour 
change was evident. No polymeric material could be isolated. 
1.5.2 Poly(methyl methacrylate) Mn = 9 000 Initiated by BIPPE 
(RJSI-23) 
A 250 cm3 three-necked round bottomed flask, equipped with a pressure-
equilibrating dropping funnel, a nitrogen/vacuum inlet, a rubber septum and magnetic 
stirrer was evacuated, flame dried and charged with dry nitrogen. This cycle was repeated 
three times to ensure complete dryness and an oxygen free atmosphere. 0.4 g (9.43 x 10-3 
mol) LiCI and 40 cm3 of dry THF was charged. The solution was left to stir for 15 minutes 
until all LiCI had dissolved. In a nitrogen filled schlenk tube 0.23 g (6.40 x 10-4 mol) 
BIPPE was dissolved in 5 cm3 of dry THF. To this solution was added 6.40 x 10-4 mol (0.4 
cm
3 
of 1.6 mol solution) n-BuLi. The solution went a dark green colour. The initiator 
solution was added dropwise to the reaction vessel, by syringe, until a persistent colour 
could be seen. The remaining initiator solution, 4.15 cm3 (5.31 x 10-4 mol) was then added 
to the reaction solution. The reaction solution was stirred for one hour at room temperature 
before being cooled to -78 QC. 5 cm3 (0.0468 mol) MMA, previously distilled from 
triethyl-aluminium, was then added dropwise. The green colour disappeared immediately 
upon contact with monomer, however the solution did not go clear but to a yellow/orange 
colour. The solution was stirred for a further hour after complete addition of monomer. 
Polymer isolation was as before. 
Yield = 0.6 g (12 %) 
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1.5.3 Poly(methyl methacrylate) Mn = 43000 Initiated by BIPPE 
(RJSI-25) 
The general method was as above. 0.07 g (1.95 x 10-4 mol) BIPPE was dissolved in 
2 cm3 of dry THF, an equimolar amount of n-BuLi was then added. After purification of 
the reaction solution 1.85 cm3 of this solution was used as initiator (1.80 x 10-4 mol). 8 
cm
3 (0.0748 mol) of MMA was added. The polymer was isolated in two ways. Half the 
solution was dropped into acidified methanol as before and the other half into distilled 
water. 
Yield = 2.09 g (21 %) 
1.5.4 Poly(methyl methacrylate) Mn = 30 000 Initiated by BIPPE 
(RJSI-27) 
The general method was as before. 0.256 g (7.12 x 10-4 mol) of BIPPE was 
dissolved in 5 cm3 THF with an equimolar amount of n-BuLi. 2 cm3 of this solution was 
used as initiator (2.85 x 10-4 mol). 10 cm3 (0.0935 mol) of MMA was added. Polymer 
isolation was by precipitation into acidified methanol. 
Yield = 3.05 g (30 %) 
1.5.5 Poly(methyl methacrylate) Mn = 5 000 Initiated by BIPPE 
(RJSI-29) 
The general method was as before. 1.344 g (3.74 x 10'3 mol) of BIPPE was 
dissolved in 6 cm3 THF with an equimolar amount of n-BuLi. 3 cm3 of this solution was 
used as initiator (1.87 x 10,3 mol). 10 cm3 (0.0935 mol) of MMA was added. Polymer 
isolation was by precipitation into acidified methanol. 
Yield = 4.10 g (41 %) 
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1.5.6 Poly(methyl methacrylate) Mn = 20 000 Initiated by BIPPE 
(RJSl-S2) 
The general method was as before, a threefold excess of BIPPE was used. 1.00 g 
(2.78 X 10.3 mol) of BIPPE was dissolved in 6 cm3 THF with an equimolar amount of n-
BuLi. 20 cm3 (0.187 mol) MMA was used. 
Yield = 16.34 g (82 %) 
1.5.7 Poly(methyl methacrylate) Mn = 50 000 Initiated by BIPPE 
(RJSl-S3) 
The general method was as before, a threefold excess of BIPPE was used. 0.202 g 
(5.62 x 10-4 mol) of BIPPE was dissolved in 5 cm3 THF with an equimolar amount of n-
BuLi. 10 cm3 (0.0935 mol) MMA was used. 
Yield = 8.74 g (87 %) 
1.6 Emulsion Polymerisations 
1.6.1 Soap less Emulsion Polymerisation ofPoly(nButyl Acrylate) 20 % solids 
(RJSI-56) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 400 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to SO °C, at which time 2 cm3 of a 0.3 M ammonium 
persulphate, APS, initiator solution (6.0 x 10-4 mol) and 0.252 g (3.0 x 10-3 mol, from 0.7 
g NaHC03 in 10 cm
3 
water) sodium hydrogencarbonate. The solution was stirred at 80°C 
for 15 minutes then the addition of monomer was started. nButyl acrylate, nBA, with 10 
wt % divinylbenzene as crosslinker, was added at a rate of 11 g/hr, 100 g added in nine 
hours. 8 cm3 of the initiating solution was also fed into the reaction of over an eight hour 
period. Samples were taken every hour. After complete addition of monomer, the 
emulsion was heated to 90°C for one hour with stirring to ensure complete consumption of 
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initiator. The emulsion was then filtered and stored. 
Yield = 98 %, particle size = 382 nrn, polydispersity = 0.38 
1.6.2 Soap less Emulsion Polymerisation ofPoly(nButyl Acrylate) 20 % solids 
(RJSI-S7) 
The general method was as before. Here the reaction was carried out at 90 QC. 
After the water, initiator charge and buffer had stirred at 90 QC for 15 minutes a batch of 
monomer was charged (20 g) the solution was allowed to react for 30 minutes prior to the 
slow addition of mono mer starting. 
Yield = 98 %, particle size = 356 nrn, polydispersity = 0.18 
1.6.3 Soapless Emulsion Polymerisation ofPoly(nButyl Acrylate) 20 % solids 
(RJSI-59) 
The general method was as before. Double the amount of initiator and buffer were 
used, 10 cm3 of a 0.6 M solution of APS and 1.4 g of NaHC03• Again, a 20 g batch of 
monomer was polymerised prior to th slow addition ofthe remaining 80 g. 
Yield = 98 %, particle size = 298 nrn, polydispersity = 0.09 
1.6.4 Soapless Emulsion Polymerisation ofPoly(nButyl Acrylate) 20 % solids 
(RJSI-60) 
The general method was as before. Here the initiator and buffer concentrations 
were increased further, 10 cm3 of a 0.9 M solution of APS and 1.75 g of NaHC03. Again, 
a 20 g batch of monomer was polymerised prior to th slow addition of the remaining 80 g. 
The resulting latex was unstable and crashed prior to complete addition of monomer. 
1.6.5 Preparation of a Poly(nButyl Acrylate) Seed Latex 
(RJSI-61) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
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mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 350 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 70°C and 0.2 g of APS and 0.2 g of sodium 
dodecylbenzenesulphonate, SDBS, added. The solution was allowed to stir at 70°C for a 
further IS minutes. I ~Og of nBA containing 0.5 wt % tetraethyleneglycol dimethacrylate, 
TEGDMA, as a crosslinker and 1.5 wt % allyl methacrylate, ALMA, as grafting agent, was 
prepared. 30 g of the monomer was then added in a single batch. The reaction was stirred 
for 30 minutes then 70 g of monomer was added over a four hour period. Simultaneously, 
0.1 g of APS, dissolved in 30 cm3 of deionised water was added. The resulting latex was 
heated to 80 QC for one hour after complete addition of monomer and initiator. 
Yield = 97 %, particle size = 123 nm, polydispersity = 0.003 
1.6.6 Soapless Growth of PnBA Seed Latex. Epoxy Functional Shell 
(RJSI-66) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 350 g of deionised water and stirred at 400 rpm. The 
water was heated to 70 QC and 30 g of seed latex, 0.3 g NAHC03 and 0.1 g of potassium 
persulphate, KPS, was added. The solution was allowed to stir at 70 QC for a further IS 
minutes. 50 g of nBA (containing 0.5 wt % TEGDMA and 1.5 wt % ALMA) was then 
added under starve feed conditions over a period of five hours. Simultaneously, 0.1 g of 
KPS, dissolved in 30 cm3 of deionised water was added. A sample was taken after 
complete addition. 
Yield = 96 %, particle size = 222 nm, polydispersity = 0.013 
40 g MMA (containing 0.5 wt % TEGDMA and 1.5 wt % ALMA) was then added 
again 0.1 g of KPS was added simultaneously over a three hour period. A sample was 
taken after complete addition. The latex was then allowed to cool to 40 QC and left 
overnight. 0.5 g sodium metabisulphite, 5MBS, and 0.1 g KPS were then added. The 
solution was allowed to stir for IS minutes prior to the starve feed addition of the final 
feed. A sample was taken. 
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Yield = 96 %, particle size = 270 run, polydispersity = 0.041 
The final feed was of25 g MMA and 5 g glycidyl methacrylate, GMA. It was to be 
added over a three hour period with the simultaneous addition of 0.2 g KPS in 30 cm3 of 
deionised water. However, the latex became unstable during this final stage and crashed. 
Yield = 84 % 
1.6.7 Emulsified Growth ofPnBA Seed Latex. Epoxy Functional Shell 
(RJSI-67) 
This was repeat of the previous polymerisation except that a low level of emulsifier 
was employed. 0.1 g of SDBS was fed into the reaction vessel with the initiator during the 
addition of monomer for all mono mer addition stages. Sample were taken at the end of 
nBA addition and at the end of MM A addition. 
I) Yield = 98 %, particle size = 231 run, polydispersity =0.023 
2) Yield = 98 %, particle size = 273 run, polydispersity =0.059 
Again, the latex crashed during the final stage. The second sample shows a bimodal size 
distribution, indicating some coalescence has occurred. 
1.6.8 Emulsified Growth ofPnBA Seed Latex. Epoxy Functional Shell 
(RJSI-68) 
This was a repeat of previous polymerisation except the final stage was attempted 
at a reduced temperature of 25 QC. Again the latex crashed during the final stage. 
1.6.9 Preparation of a MMA Seed Latex 
(RJSI-70) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 400 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 70 QC and 0.4 g of KPS and 0.4 g SDBS added. The 
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solution was allowed to stir at 70°C for a further IS minutes. 50g of MMA containing 2.5 
wt % ALMA was added. 109 of the monomer was then added in a single batch. The 
reaction was stirred for 30 minutes the remaining 40 g of monomer was added over a two 
hour period. Simultaneously, 0.4 g of KPS and 0.2 g of SOBS, dissolved in 30 cm3 of 
deionised water was added. The resulting latex was heated to 80°C for one hour after 
complete addition of monomer and initiator. 
Yield = 97 %, particle size = 65 nm, polydispersity = 0.083 
1.6.10 Emulsified Growth of PM MA Seed Latex 
(RJSI-71) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 350 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 70°C. 109 of PMMA seed latex and 004 g of KPS was 
added. The solution was allowed to stir at 70°C for a further IS minutes. lOOg of nBA 
containing 0.5 wt % TEGOMA and 1.5 wt % ALMA was added over an eight hour period. 
Simultaneously, 0.6 g of KPS and 0.2 g of SOBS, dissolved in 40 cm3 of deionised water 
was added. The resulting latex was heated to 80°C for one hour after complete addition of 
monomer and initiator. 
Yield = 98 %, particle size = 245 nm, polydispersity = 0.0 15 
1.6.11 Preparation ofPnBA Seed Latex 
(RJSI-86) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 350 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 70°C. 0.4g KPS and 0.4 g of Aerosol OT-75 was 
added. The solution was allowed to stir at 70°C for a further IS minutes. 100 g of nBA 
containing 0.5 wt % TEGOMA and 1.5 wt % ALMA was added. 25 g in a single batch 
and 30 minutes later the addition of the remaining 75 g over a five hour period. 
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Simultaneously, 0.2 g of KPS dissolved in 40 cm3 of deionised water was added. The 
resulting latex was heated to 80°C for one hour after complete addition of monomer and 
initiator. 
Yield = 97 %, particle size = 153 nm, polydispersity = 0.039 
1.6.12 Growth ofPnBA Seed Latex. Epoxy Functional Shell 
(RJSI-87) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux 
condenser, mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for 
monomer and initiator solution was charged 350 g of deionised water and 30 g of seed 
latex (RJS 1-86) which was stirred at a constant 400 rpm. The solution was heated to 70 
GC. 0.2g KPS and 0.05 g of Aerosol OT-75 was added. The solution was allowed to stir at 
70°C for a further 15 minutes. 75 g ofnBA containing 0.5 wt % TEGDMA and 1.5 wt % 
ALMA was added over a five hour period. Simultaneously, 0.2 g ofKPS dissolved in 10 
cm3 of deionised water was added. A sample was taken after a 30 minute period following 
complete monomer addition. 
Yield = 96 %, particle size = 308 nm, polydispersity = 0.077 
The second growth stage was a feed of 25 g MMA containing 0.5 wt % TEGDMA 
and 1.5 wt % ALMA over two hours, with the addition of 0.05 g KPS in 10 cm3 of 
deionised water. A sample was taken after a 30 minute period following complete 
monomer addition. 
Yield = 98 %, particle size = 326 nm, polydispersity = 0.029 
The final stage was a 25 g, I: I comonomeric, feed of MMA and GMA. With 
simultaneous addition of 0.05 g KPS in 10 cm3 of deionised water. The latex crashed 
during this final stage. 
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1.6.13 Growth ofPnBA Seed Latex. Epoxy Functional Shell 
(RJSI-88) 
This was a repeat of the previous polymerisation. Here, higher concentrations of 
KPS were used in all three growth stages. 0.2 g KPS was added at each stage. Samples 
were taken at the end of the first and second stages. Again, the latex crashed during the 
final stage. 
I} Yield = 98 %, particle size = 282 nm, polydispersity = 0.038 
2} Yield = 97 %, particle size = 295 nm, polydispersity = 0.032 
1.6.14 Growth of PnBA Seed Latex. Epoxy Functional Shell 
(RJSI-89) 
A repeat of the previous polymerisations. 0.2 g KPS dissolved in 10 cm3 of 
deionised water was added at each stage. 0.05 g Aerosol OT-75 was also added at each 
stage. Samples were taken at the end of the first and second stages. The latex crashed 
during the final stage. 
I} Yield = 98 %, particle size = 315 nm, polydispersity = 0.054 
2} Yield = 97 %, particle size = 387 nm, polydispersity = 0.047 
1.6.15 Growth of PnBA Seed Latex. Epoxy Functional Shell 
(RJSI-90) 
A repeat of the previous experiment. Here, the first feed was 75 g nBA (0.5 wt % 
crosslinker, 1.5 wt % grafting agent), 0.2 g KPS and 0.2 g Aerosol OT-75 dissolved in 10 
cm3 of deionised water were added simultaneously over a five hour period. The second 
stage was, again, 25 g MMA (0.5 wt % crosslinker, 1.5 wt % grafting agent), 0.1 g KPS 
and 0.1 g Aerosol OT -75 dissolved in 10 cm3 of deionised water were also added over a 
two hour period. The final stage was as before, 25 g of a I: 1 comonomeric feed of MMA 
and GMA (0.5 wt % crosslinker, 1.5 wt % grafting agent). 0.1 g KPS and 0.05 g Aerosol 
OT -75 dissolved in 10 cm3 of deionised water were also added over a three hour period. 
A28 
Appendix A: Experimental Detail 
Sample were taken at the end of each stage. The resulting latex was filtered and stored. 
The latex was later crashed by a addition of magnesium sulphate. The free flowing powder 
was washed with deionised water and dried in a vacuum oven at room temperature. 
I) Yield = 97 %, particle size = 297 nm, polydispersity = 0.042 
2) Yield = 97 %, particle size = 325 nm, polydispersity = 0.070 
3) Yield = 96 %, particle size = 360 nm, polydispersity = 0.028 
1.6.16 Growth of PM MA Seed Latex 
(RJSI-99) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thermocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 350 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 70°C. 15 g of PMMA seed latex, 0.5 g KPS and 0.5 g 
of Aerosol OT-75 was added. The solution was allowed to stir at 70°C for a further 15 
minutes. lOOg of nBA containing 0.5 wt % TEGDMA and 1.5 wt % ALMA was added 
over an eight hour period. Simultaneously, 0.5 g of KPS and 0.5 g of Aerosol OT-75, 
dissolved in 50 cm3 of deionised water was added. Sample I was taken. 
A second batch of 0.3 g KPS and 0.3 g Aerosol OT-75 (dissolved in 20 cm3 of 
de ionised water) was added and the latex stirred at 70°C for IS minutes. SO g MMA (0.5 
wt % TEGDMA, 1.5 wt % ALMA) and a separate feed of 0.2 g KPS and 0.2 g Aerosol 
OT-75,dissolved in 30 cm3 deionised water, was then fed in to the reactor over a four hour 
period. The resulting latex was heated to 80°C for one hour after complete addition of 
monomer and initiator. 
I) Yield = 98 %, particle size = 197 nm, polydispersity = 0.010 
2) Yield = 97 %, particle size = 233 nm, polydispersity =0.003 
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1.6.17 Growth of PMMA Seed Latex. Epoxy Functional Shell 
(RJSI-I03) 
Polymerisation conditions were identical to RJS 1-99, except that the 50 g MMA 
feed was split into to two separate stages. The first 25 g of MMA was added as before, the 
second 25 g feed was a I: I comonomeric feed of MMA and GMA. Samples were taken at 
the end of nBA feed and after the final feed. 
I) Yield = 96 %, particle size = 149 nm, polydispersity = 0.198 
2) Yield = 95 %, particle size = 567 nm, polydispersity = 0.388 
1.6.18 Growth of PM MA Seed Latex. 
(RJSI-I05) 
A similar polymerisation to RJSI-99. Higher dilution is used, 500 g of deionised 
water compared to 350 g for previous experiments. RJS 1-70 is used as a seed (15 g), 0.5 g 
ofKPS and Aerosol OT-75 are added as before. lOO g nBA (0.5 wt % TEGDMA and 1.5 
wt % ALMA) is fed into the reactor along with 0.5 g KPS and 0.5 g Aerosol OT-75 
(dissolved in 50 cm3 of deionised water) over an eight hour period. Sample one taken. 
A second batch of 0.2 g KPS and 0.2 g Aerosol OT-75 (dissolved in 20 cm3 of 
deionised water) was added and the latex stirred at 70 QC for 15 minutes. 35 g MMA (0.5 
wt % TEGDMA, 1.5 wt % ALMA) and a separate feed of 0.15 g KPS and 0.15 g Aerosol 
OT-75, dissolved in 30 cm3 deionised water, was then fed in to the reactor over a four hour 
period. The resulting latex was heated to 80 QC for one hour after complete addition of 
monomer and initiator. Sample two taken. 
I) Yield = 98 %, particle size = 240 nm, polydispersity = 0.002 
2) Yield = 98 %, particle size = 268 nm, polydispersity = 0.024 
1.6.19 Epoxy Functional Shell Growth ofRJSI-10S 
(RJSI-IIO) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
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mechanical stirrer, thennocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 300 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 40°C. 100 g of RJS I-I 05 latex, 0.3 g KPS, 0.4 g of 
5MBS, 0.05 g Fe(II)S04·7H20 and 0.5 g NaHC03 was added. The solution was allowed 
to stir at 40°C for a further 15 minutes. 109 of a I: I comonomeric feed of MMA and 
GMA containing 0.5 wt % TEGDMA and 1.5 wt % ALMA was added over a two hour 
period. Simultaneously, 0.5 g of KPS and 0.2 g of 5MBS, dissolved in 10 cm3 of 
deionised water was added. The latex crashed prior to complete addition of monomer. 
Yield = 91 % 
1.6.20 Epoxy Functional Shell Growth ofRJSI-10S 
(RJSI-114) 
Into a 750 cm3 straight sided reaction vessel equipped with a reflux condenser, 
mechanical stirrer, thennocouple, nitrogen inlet and peristaltic pump feeds for monomer 
and initiator solution was charged 300 g of deionised water which was stirred at a constant 
400 rpm. The water was heated to 25°C. 100 g of RJS 1-1 05 latex, 0.3 g KPS, 0.4 g of 
5MBS, 0.2 g Fe(II)S04·7H20, 0.27 g EDTA and 0.5 g NaHC03 were added. The solution 
was allowed to stir at 25°C for a further 15 minutes. 109 of a 1: 1 comonomeric feed of 
MMA and GMA containing 0.5 wt % TEGDMA and 1.5 wt % ALMA was added over a 
two hour period. Simultaneously, 0.1 g of KPS, dissolved in \0 cm) of deionised water 
was added. The latex crashed after complete addition of monomer. 
Yield = 97 %, 6 wt % GMA 
1.7 Grafting Reactions of Amine-Ended PMMA 
1.7.1 Reaction of 4-Aminobenzophenone With Epoxidised Natural Rubber 
(RJSI-1I7) 
Into a 100 cm3 three-necked, round bottomed flask equipped with a reflux 
condenser, magnetic stirrer and nitrogen inlet was charged 40 cm3 of cyclohexanone (99+ 
%, Aldrich). I g of25 % epoxidised natural rubber representing 3.5 x 10.3 moles of epoxy 
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functions was added (assuming the average molecular weight of repeat units is 72.12 g, 
from 0.75(68.12) + 0.25(84.12), thus, 1 g represents 1.4 x 10.2 moles of repeat units). The 
mixture was stirred at room temperature overnight to allow the rubber to swell. 0.073 g 
(\.75 X 10"" mol) ethyltriphenylphosphoniurniodide and 0.345 g of 4-aminobenzophenone 
(1.75 x 10.3 mol) were then added and the reaction mixture heated to reflux (155 0c). 
Samples were taken at t = 0, 2 and 4 hours. FTIR spectroscopy was used to investigate 
these samples. The samples taken at 0 and 2 hours both showed the presence of the 
aminobenzophenone by the absorptions at 3368 and 3250 cm'! representing N-H stretch, 
1637 cm'! representing a carbonyl. absorption and at 1597 cm'! representing the benzene 
ring, this last absorption may include a contribution from the catalyst. The sample taken 
after 4 hours reflux showed no aminobenzophenone was present. 
1.7.2 Grafting of PMMA-NH2 Onto Epoxidised Natural Rubber 
(RJSI-120) 
Into a 250 cm3 three-necked, round bottomed flask equipped with a reflux 
condenser, m~gnetic stirrer and nitrogen inlet was charged 100 cm3 of cyclohexanone (99+ 
%, Aldrich). 5 g of 25 % epoxidised natural rubber representing 1.75 x 10.2 moles of 
epoxy functions was added (assuming the average molecular weight of repeat units is 72.12 
g, from 0.75(68.12) + 0.25(84.12), thus, 5 g represents 7.0 x 10'2 moles of repeat units). 
The mixture was stirred at room temperature overnight to allow the rubber to swell. 0.1 g 
(2.4 x 10"" mol) ethyltriphenylphosphoniumiodide and 0.25 g (5 wt %) of PMMA-NH2 
were then added and the reaction mixture heated to reflux. The reaction was refluxed for 
96 hours to allow complete reaction. On cooling to room temperature, 0.125 g (2.5 wt %) 
of dicumyl peroxide was added and the solution stirred for another hour. The product was 
isolated by precipitation into deionised water and dried in a vacuum oven at 50°C for one 
week. 
A sample of the grafted rubber was extracted with acetone for 72 hours. No 
PMMA-NH2 was collected. 
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1.7.3 Reaction of 4-Aminobenzophenone With Epoxy-Functional Latex Particles 
(RJSI-23) 
Into a 50 cm3 round bottomed flask equipped with reflux condenser, magnetic 
stirrer and a nitrogen inlet was charged 20 cm3 of cyclohexanone. 0.5 g of latex particles 
(sample RJSI-114, 6 wt % GMA, therefore 2 x 10-4 moles of epoxy functions) 0.01 g of 
ethyltriphenylphosphoniumiodide and 0.02 g (1.01 x 10-4 mol) 4-aminobenzophenone were 
added and the cloudy solution was heated to reflux. At t = 0, the 4-aminobenzophenone 
can just be seen in the FTIR spectrum of the sample by weak absorptions at 1635 and 1595 
cm· l . After one hour these absorptions are weaker. After the solution was refluxed 
overnight, no evidence for 4-aminobenzophenone could be seen by FTIR spectroscopy. 
1.7.4 Grafting of PMMA-NH2 onto Epoxy-Functional Latex Particles 
(RJSI-124) 
Into a 250 cm3 round bottomed flask equipped with a reflux condenser, magnetic 
stirrer and nitrogen inlet was charged lOO cm3 of cyclohexanone. ID g of latex particles 
(sample RJSI-114, 6 wt % GMA, therefore 4.22 x 10.3 moles of epoxy functions) 0.2 g 
ethyltriphenylphosphonmiumiodide and 4.22 g of PMMA-NH2 (molar mass 20 000, 
therefore 2.11 x 10-4 moles amine functions,S mol %). The solution was refluxed for 96 
hours to ensure complete reaction. The particles were isolated by precipitation into 
deionised water followed by drying in a vacuum oven at 50°C for one week. 
A sample of the product was extracted with acetone for 72 hours. Free PMMA was 
collected that corresponded to 16 % of the added PMMA-NH2 • Further extraction for 
another 24 hours produced no free PMMA. 
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